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Sir: 



1 . I, Kieran Scott, Ph.D declare and say I am a resident of Eastgardens, New South Wales, 
Australia. 

2. I am an employee of the University of New South Wales and am a Senior Research 
Fellow. Details of my career as well as publications may be found in my curriculum vitae 
(Exhibit 1). 

3. I have been asked by FB Rice & Co, my Patent Attorneys, to provide an opinion on the 
state of knowledge surrounding the inhibition of sPLA2-IIA enzyme activity in the 
treatment of prostate cancer in 2002 and on the invention described in US 10/517,256 
(referred to below as the "Patent Application"). I have been asked in particular to 
comment on the obviousness rejections set out in the Office Action dated 12 February 
2010 issued in connection with the Patent Application. 

4. I am an inventor of the invention described in the Patent Application. 

5. I have read the Patent Application and have reviewed the claims that I understand are 
presently being considered by the United States Patent and Trademark Office. I 
understand that the claimed invention (referred to hereafter as the "Invention") relates to a 
method of inhibiting prostate cancer cell proliferation. I understand that claim 1 as 
proposed to be amended is limited to treatment of prostate cancer patients who have been 
subject to androgen ablation therapy. The importance of this invention is that it provides, 
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for the first time, a method of inhibiting the sPLA2-IIA-mediated proliferation of prostate 
cancer cells in late stage prostate cancer. 



6. I have reviewed the Office Action dated 12 February 2010 in relation to the above- 
referenced Patent Application. I understand that the Patent Office has taken the position 
that the Invention would be obvious to a person skilled in the art in light of Graff et al 
(2001), when combined with the disclosures of Church et al (2001), Attiga et al (2000), 
Liu et al (2000), or Kelavkar et al (2001). 

7. Graff et al is cited as disclosing that "enhanced sPLA2-IIA expression may be involved 
in the malignant progression of human prostate cancer and suggests that specific inhibitors 
of the group IIA sPLA2 may be useful for prostate cancer chemotherapy." Church et al 
is cited as disclosing cyclic peptide inhibitors of sPLA2-IIA. Attiga et al is cited as 
disclosing that invasion of prostate cancer cells (i.e. PC-3 and DU-145 cells) is inhibited 
by a PLA2 inhibitor, a general COX inhibitor and a selected COX-2 inhibitor. Liu et al is 
cited as disclosing a COX-2 inhibitor. Kelavkar et al is cited as disclosing a 15- 
lipoxygenase inhibitor. 

8. It is my understanding that the Patent Application and the cited publications are to be 
viewed from the perspective of one of ordinary skill in the art in the relevant field (a 
"Skilled Person") at the time of filing of the Patent Application in question. I have been 
asked to consider this time to be the period around or before 7 June 2002 (the "Relevant 
Period"). I would expect a Skilled Person in the field of arachidonic acid metabolism in 
prostate cancer during the Relevant Period to have been represented by a scientist with a 
Ph.D. degree in Biochemistry and/or at least 3 to 5 years experience in the field of 
Biochemistry, or an educational background at the same degree level in a related field and 
equivalent level of experience. 

9. I am very familiar with the technical field of the claimed invention. I am qualified to 
analyze literature in this field and to provide my opinion as to what literature in this field 
discloses or suggests to the Skilled Person at the Relevant Period. 

10. By the Relevant Period I had attained at least the level of such a Skilled Person, and 
further in view of my qualifications discussed above, I believe that I am qualified by 
training and experience to address what a Skilled Person would have understood from 
reading the Patent Application and the cited publications. 
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1 1 . None of the documents referred to in paragraphs 6 and 7 above suggest to me now or 
would have convinced me in June 2002 that inhibiting sPLA2-IIA-mediated proliferation 
of prostate cancer cells would produce a successful treatment for late stage prostate 
cancer. These documents are at best a collection of papers describing inhibitors of 
unrelated enzymes, with a paper describing that sPLA2-IIA expression is elevated in 
malignant progression and progression to androgen-independence and a paper describing 
cyclic peptide inhibitors of sPLA2-IIA thrown into the mix. 

12. Further, if it had been suggested to me before the present invention that inhibiting the 
sPLA2-IIA-mediated proliferation of prostate cancer cells after androgen ablation therapy 
would produce a successful treatment for late stage prostate cancer I would have been 
skeptical based on my knowledge at the time of the role of sPLA2-IIA in prostate cancer. 

Overview of progression of prostate cancer 

13. Figure 1 (shown below) is a schematic diagram of the main events in the overall 
progression of prostate cancer. It is well known in the art that malignant progression of 
prostate cancer cells (i.e. early stage prostate cancer) is both biochemically and 
functionally distinct from late stage (terminal) prostate cancer. 

Figure 1. 
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14. Malignant progression is defined as the process by which cells progress from being 
benign (i.e. not malignant or harmful) to a state of being malignant. Malignancy is 
defined in oncology as a state in which cancer cells invade and destroy nearby tissue and 
spread (metastasize) to other sites in the body. It is recognised that cancer cells must 
acquire at least six functionally separable capabilities to be tumorigenic. Tissue invasion 
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and metastasis is just one of several necessary additional functional capabilities that must 
be acquired by tumours for them to be malignant. This function requires the activation of 
classes of molecules such a secreted proteases (eg matrix metalloproteases) and cell-cell 
adhesion molecules (e.g. E-cadherin) that are not required for the well characterised cell 
cycle machinery that regulates cell proliferation (Hanahan and Weinberg (2000); Exhibit 
2). 

15. Local tissue invasion is followed by metastasis, thus completing the process of malignant 
progression. When tumor cells metastasize, the new tumor is called a secondary or 
metastatic tumor. At this stage, on diagnosis, most prostate cancers are still androgen 
dependent and are treated by either chemical or surgical androgen ablation therapy. 
Progression to androgen independence subsequently occurs and patients with androgen- 
independent prostate cancer are described as having hormone refractory prostate cancer 
(HRPC) at this stage because they fail to respond to antiandrogen therapy. Progression to 
androgen independence in clinical cases therefore occurs after malignant progression (i.e. 
after tissue invasion and metastasis) has begun. 

The present invention compared to Graff et al. 

16. The Patent Application is directed towards (i) the inhibition of proliferation of prostate 
cancer cells and (ii) in cells of subjects who have been subjected to androgen ablation 
therapy (see Example 1 of the Patent Application). In other words, the Patent Application 
relates to the inhibition of the proliferation of prostate cancer cells following androgen 
ablation therapy after progression to androgen-independence has occurred (i.e. treatment 
of late stage prostate cancer). 

17. There is nothing in Graff et al. that suggests that inhibition of sPLA2-IIA enzyme activity 
would produce a successful treatment for late stage prostate cancer as claimed in the 
Patent Application, i.e. following androgen ablation therapy and after progression to 
androgen-independence has occurred (see Figure 1 above). 

18. Graff et al. is clearly directed towards malignant progression of prostate cancer, i.e. early 
stage prostate cancer, as outlined in Figure 1 above (see for example Conclusions, page 
3857; Results and Discussion page 3859; and last paragraph of Results and Discussion on 
page 3860 of Graff et al). 
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19. At most, Graff et al. suggests that inhibitors of sPLA2-IIA may be useful in treatment of 
early stage prostate cancer - in other words, to inhibit progression of malignancy and 
progression to androgen-independence. There is nothing to suggest that these inhibitors 
would be useful after progression to malignancy and androgen independence has 
occurred. At that stage, the Patent Application shows it becomes necessary to target a 
different biochemical mechanism such as cell proliferation. There is no evidence in Graff 
et al. to suggest that inhibitors of sPLA2-IIA would be effective at inhibiting proliferation 
of prostate cancer cells that have already progressed to malignancy and androgen 
independence. 

20. There is nothing in Graff et al. to suggest that inhibition of the proliferation of prostate 
cancer cells will be a successful treatment for late stage prostate cancer, as claimed in the 
Patent Application. 

21. Malignant progression and progression to androgen-independence (as discussed in Graff 
et al.) are both biochemically and functionally separable from the process of cellular 
proliferation (as claimed in the Patent Application). For example, aberrant cell 
proliferation, though necessary, is not sufficient for malignant progression. 

22. Tumour growth is the result of a balance between the rate of cell proliferation and the rate 
of programmed cell death (apoptosis). Tumour growth can therefore be increased not 
only by increasing the rate of cell proliferation (as the present inventors have shown for 
sPLA2-IIA), but by changes that reduce the rate of apoptosis. 

23. On this point, the reference 29, cited in the last paragraph of Graff et al. (Denmeade et 
al., 1996; Exhibit 3) shows that a major determinant of increased tumour growth in 
prostate cancer may not be increased rate of proliferation but enhanced cell survival due to 
suppression of cell death mechanisms (apoptosis). This prior art, cited in the last 
paragraph of Graff et al. therefore would suggest to the Skilled Person to try a known 
inhibitor of apoptosis as a treatment for prostate cancer. 

24. The last paragraph of Graff et al. states: "This report therefore provides compelling 
evidence that enhanced sPLA2-IIA expression may be involved in malignant progression 
of human prostate cancer and suggests that specific inhibitors of the group IIA sPLA2 
may be useful for prostate cancer chemotherapy." 
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25. This conclusion is based on findings that: (i) "the expression of Group IIA sPLA2 is 
specifically increased with progression of human prostate cancer cells to androgen 
independence"; (ii) "sPLA2-IIA expression is dramatically increased in primary, high- 
grade prostate cancers"; (iii) "this increase is related to the increased proliferative index 
that typifies the more advanced CaPs (26, 29)"; and (iv) "sPLA2-IIA expression is 
inversely related to 5-year patient survival". 

26. Finding (i) by Graff is based on observations that the sPLA2-IIA expression levels are 
increased in androgen independent variants relative to their androgen-dependent parent 
cells. The androgen independent variants have been derived by selection either for 
androgen independent growth in culture or have been selected for andro gen-independent 
growth of androgen-dependent tumours in immune-deficient mice (following castration). 
While the cell lines examined in Graff satisfy the criteria for progression to androgen 
independence in culture, it is important to note, they have not been directly derived from 
patients who have been subjected to hormone ablation therapy, but have been derived 
from androgen-dependent prostate cells by ex vivo manipulation. They therefore do not 
directly derive from hormone refractory patients and thus do not address the issue of 
whether sPLA2-IIA remains upregulated in patients who have been subjected to hormone 
ablation therapy. 

27. The data in the Patent Application identify sPLA2-IIA as remaining upregulated in 
patients following hormone ablation therapy and thus link treatment with inhibitors 
directly to patients post hormone ablation therapy. Because, in these studies, the cancer 
cells have also failed to be removed by hormone ablation therapy they have very likely 
already undergone progression to androgen independence. In addition, the biochemical 
mechanisms by which progression to androgen independence occurs are highly 
heterogeneous, with at least five different pathways by which androgen independence can 
develop being recognised (Feldman and Feldman (2001); Exhibit 4). Thus in vitro 
progression to androgen independence of clonal cells in culture (as discussed in Graff et 
al.) is not necessarily predictive of progression to androgen independence in vivo. The 
Patent Application shows that sPLA2-IIA levels remain elevated in prostate tissues post- 
hormone ablation therapy (androgen withdrawal), thus establishing that sPLA2-IIA 
remains elevated in the clinical entity hormone refractory prostate cancer, rather than the 
laboratory entity of androgen independence. 
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28. In contrast to the cell culture studies in Graff et al., the studies on tissue levels of sPLA2- 
IIA in Graff et al. relate to malignant progression if you compare patients with benign 
prostate hyperplasia (BPH) (non-malignant cells) relative to patients with low grade or 
high grade localised cancer (malignant cells). However, these tissue studies do not relate 
to progression to androgen independence since the androgen status of the patients is 
unknown. Rather, the studies on tissue levels of sPLA2-IIA described by Graff et al. 
relate to malignant progression in comparing patients with BPH relative to patients with 
primary cancer. 

29. Finding (ii) by Graff is based on comparison of benign prostatic hyperplasia tissues (non- 
malignant) with "low" grade (mean Gleason score 4.6) and "high" grade (mean Gleason 
score 7.0) primary tumours. Again, these studies relate to early stage prostate cancer. 

30. Finding (iii) is based on the observation that a marker of cell proliferation (Ki67) is 
higher in prostate tissues that showed uniform sPLA2-IIA compared to prostate tissues 
that showed focal staining. It should be noted that of the 19 tissues with uniform staining, 
8/19 (42%) were from patients with benign prostate hyperplasia (BPH) (non-malignant) 
(Table I). Thus the association with proliferation index does not in fact relate to 
malignant progression at all, since almost half of the tissues in the group studied are non- 
malignant. The relationship between "uniform sPLA2-IIA staining" and proliferation 
index could equally apply to non-malignant tissues. It is clear that this analysis in Graff et 
al. does not represent advanced prostate cancers, but a combination of benign prostatic 
hyperplasia (BPH) and cancer tissues. 

31. Further, reference 29, cited in the last paragraph of Graff et al. to back up the conclusion 
in (iii), teaches that "The transition of late-stage high-grade PIN cells into growing 
localised prostatic cancer cells involves no further increase in Kp [i.e. the rate of 
proliferation] but is due to a decrease in Kd" [i.e. the rate of cell death/apoptosis] (page 
258, column 1, para 2., Denmeade et al., 1996; Exhibit 3). Accordingly, the references 
quoted in the final paragraph of Graff et al. in fact would suggest to the Skilled Person 
that targeting cell proliferation after malignancy progression would not be useful in 
treating late stage prostate cancer. 
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32. Finding (iv) does not show or suggest that inhibition of sPLA2-IIA-mediated 
proliferation will be of benefit, since as outlined above there are several ways tumours can 
be induced to regress that do not involve suppression of proliferation. 

33. In fact, subsequent publications by Graffs research group have shown that elevation of 
sPLA2-IIA expression occurs even earlier than the primary cancer stage, before malignant 
progression (see Jiang et al. 2002; Exhibit 5). Exhibit 5 shows that sPLA2-IIA expression 
is elevated in low grade and high grade prostatic intraepithelial neoplasia (PIN), a 
condition which occurs in the early stages of prostate cancer (see Figure 1 above). This 
simply confirms what I believe a Skilled Person would understand from Graff et al. that 
sPLA2-IIA expression is elevated during the early stage of prostate cancer and is involved 
in progression toward malignancy and androgen independence. There is nothing in Graff 
et al. to suggest that sPLA2-IIA is elevated or would be a useful target in late stage cancer 
when progression to malignancy and androgen independence is already complete and 
other biochemical processes come into play. 

34. I believe the Skilled Person in the art would not have been motivated to treat late stage, 
prostate cancer in patients who have been subjected to androgen ablation therapy based on 
the findings of Graff et al. The Patent Application is directed to treating a completely 
different class of patients (i.e. terminal/late prostate cancer patients who have been 
subjected to androgen ablation therapy) than the class of patients to which Graff et al. 
relates (i.e. prostate cancer patients with early stage prostate cancer who have not been 
subjected to androgen ablation therapy). As such, Graff et al. would not have motivated 
the Skilled Person to use inhibitors of sPLA2-IIA to treat late stage prostate cancer in 
prostate cancer patients who have been subjected to androgen ablation therapy. 

35. Attiga et al. shows that invasion of prostate cancer cells is inhibited by a PLA2 inhibitor, 
a general COX inhibitor and a selected COX-2 inhibitor. Liu et al. relates to a COX-2 
inhibitor and Kelavkar et al. relates to a 15 -lipoxygenase inhibitor. A Skilled Person 
would not have found it obvious to take the findings of any of these references, which 
relate to completely different enzymes, alone or in combination with Graff et al. or 
Church et al., with a reasonable expectation of successfully arriving at a method for 
treating sPLA2-IIA-mediated proliferation of late stage prostate cancer in patients who 
have been subjected to androgen ablation therapy. 
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36. Finally, the Patent Application is directed towards inhibition of the ability - of -the sPLA2- 
HA polypeptide to catalyse the hydrolysis of membrane phospholipids at the sn-2 position 
to release fattv acids and lvsophosphoiipids* Neither Graff et al^ nor any of the Attiga, 
Liu, Kelavkar or Church references, show or suggest which activity of the enzyme must 
be inhibited, as presently claimed. Further, neither Graff et aL 7 nor any of the Attiga, Liu, 
Keiavkar or Church references, show or suggest which form of the enzyme should be 
inhibited, as presently claimed. 

37. In view of all of the above, I believe that the claimed subject matter of the Patent 
Application would not have been obvious to a Skilled Person at the Relevant Period. 



38. I hereby declare that all statements made herein of my own knowledge are true and that 
all statements made on information and belief are believed to be true; and further that 
these statements were made with the knowledge that willful false statements and the like 
so made are punishable by fine or imprisonment, or both, under § 1001 of Title XVIII of 
the United States Code, and that such willful false statements may jeopardize the validity 
of the Patent Application or any patent issuing thereon. 

^ 

Date 
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Curriculum Vitae: Dr Kieran F. Scott (April, 2010). 
1. Name and contact details. 

SCOTT, Dr Kieran Francis 
Department of Medicine 

St Vincent's Hospital Clinical School, UNSW 

L5 De Lacey Bldg, 

St Vincent's Hospital 

Darlinghurst, 

NSW 2010. 

AUSTRALIA 

M: +61419143647 

H: +61 2 8347 1756 

E: kieran.scott@unsw.edu.au 



2. Citizenship, Date of Birth, Gender 

Citizenship: Australian and New Zealand 
DOB: 1st April, 1957. 
Gender: male 

3. Academic qualifications 

PhD in Genetics. Australian National University. Awarded 1983. 
BSc (Hons I) Massey University New Zealand. Awarded 1979. 

4. Current Appointment 

2007- Present. Senior Research Fellow (0.3 FTE), St Vincent's Hospital Clinical School, The 
University of New South Wales. 

5. Previous appointments 

1983. Visiting Fellow, Centre for Recombinant DNA Research, Research School of 
Biological Sciences. Australian National University. 

1984. Postdoctoral Fellow, Genetics Department, Research School of Biological Sciences, 
Australian National University. 

1985-1988. Research Fellow, Genetics Department, Research School of Biological Sciences, 
Australian National University. 

1988-1991. Senior Scientist, Pacific Biotechnology Ltd., Sydney. 
1992. Research Fellow, Garvan Institute of Medical Research, Sydney. 
1992-2000. Senior Research Fellow, St Vincent's Clinical School, UNSW 
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2000-2001. Senior Research Officer Arthritis Programme, Garvan Institute of Medical 
Research. 

2002-2006. Senior Research Fellow, St Vincent's Clinical School, UNSW 
2006-2007. Senior Research Fellow (Honorary), St Vincent's Clinical School, UNSW 



6. NHMRC research support (Total Support, $ 1.653M) 

1993-1995 The production of a recombinant immunotoxin with potential utility in leukaemia 
therapy. $43,000 p.a. Chief Investigators, A/Prof. K Atkinson, Prof. J. Biggs, Dr. P. Kearney, 
Dr. K. F. Scott. 

1993-1995. The study of phospholipase A 2 in labour onset. $100,000 p.a. Chief 
Investigators: Dr. G. Rice, Dr K. Scott, Prof. S. Brennecke and Prof. G. Thorburn. 

1995-1997. The role of human type II secretory phospholipase A 2 in rheumatoid arthritis. 
$103,000 p.a. Chief Investigators, Dr K.F. Scott and Prof. P. M. Brooks. 

1998-2000 Modulation of cytokine- mediated inflammatory responses by human type II 
phospholipase A 2 . $130,000 p.a. Chief Investigators: Dr K F Scott and Prof P Brooks 

2003-2005. Mechanism of action of secreted phospholipase A 2 and its inhibition in 
inflammation. $175,000p.a. Chief Investigators, Dr K.F. Scott, Prof. G.G. Graham, A/Prof 
H.P. McNeil. 

7. Research support from other sources. (Total Support $6.42M) 



1993. Arthritis Foundation of Australia Grant in Aid. Phospholipase A 2 in arthritis. $6,000. 
Dr. K.F. Scott, Prof. P.M. Brooks. 

1993. ARC Small Grant Scheme. Structure-function studies on secretory phospholipase A2. 
$12,000. Dr. K.F. Scott and Dr. P. Curmi. 

1993. Rebecca Cooper Foundation. Phospholipase A 2 in arthritis. $ 10,430. Dr. K. F. Scott 
and Prof. P.M. Brooks. 

1994. ARC Small Grant:- Structure-function studies on secretory phospholipase A2. $12,000. 
Chief Investigators, Dr. K. F. Scott and Dr. P. Curmi. 

1995-1997 Syndicated R&D Programme:- Phospholipase A 2 inhibitors. Chief Investigators, 
Dr K. F. Scott, Prof. P. Brooks and Prof. J. Shine $1 .03M p.a. 

1996 UNSW Capital Grant:- Macromolecular crystallographic analysis facility. $815,000. 
Dr P. Curmi, Dr K. Scott et al. 

1996 Small ARC grant:- Transcriptional control of secretory phospholipase A 2 gene 
expression. $10,000. Dr K. Scott 
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1996 Viertel Foundation. Molecular modelling equipment. $100,000. Prof. R.M. Graham, 
Dr P. Reik, Dr. D. Ogg, Dr B. Church, Dr K.F. Scott., Prof. P. Brooks, Dr T. Iismaa, Dr H. 
Herzog, Prof. J. Shine. 

1997 UNSW Capital Grant:- Resources for structural biology. $250,000. Dr. P. Curmi and 
Dr K.F. Scott. 

1997 Rebecca Cooper Foundation:- $11,000. Transcriptional control of secretory 
phospholipase A 2 gene expression. Dr K. F. Scott. 

2000 Glaxo- Wellcome: $35,000. Detection of transcripts encoding enzymes of the 
eicosanoid biosynthetic pathway in cells from human blister fluids. Dr K.F. Scott 

2000- 2001. Smithkline Beecham (Australia and UK) $70,000. The effect of paracetamol on 
prostaglandin production by human rheumatoid synovial cells in culture. Dr G.G. Graham 
and Dr K. F. Scott 

2001- 2002 GlaxoSmithkline (Australia and UK) Dr G.G. Graham and Dr K. F. Scott 
$50,000 The effect of paracetamol on prostaglandin production by human rheumatoid 
synovial cells in culture. 

2001-2002. Rebecca Cooper Foundation. $15,000. Dr K. F. Scott. Research on 
phospholipase A 2 . 

2004-2006. Department of Veterans Affairs. Dong Q, Scott K. F., Graham G and Russell PJ: 
$490,500. Oncogenic action and therapeutic potential of PLA 2 in prostate cancer. 

2007-2009. NSW Cancer Council. Scott K. F., Graham, G. G., Dong, Q., Russell, P. J., 
$300,000 Secreted phospholipase A2 in prostate cancer. 

2009. St George Medical Research Foundation. Galettis, P. Scott, K. F. Graham, G.G., 
Liauw, W., De Souza, P. $20,000 A Quantitative assay for novel compounds that show 
promise as oral treatments for advanced prostate cancer. 

2009. UNSW Major Research Equipment and Infrastructure Initiative. Power, C, Housley, G., 
Apte, M., Bertrand, P., Carrive, P., Crowe, P., Gunning, P., Haber, M., Hardeman, E., Hogg, 
P., Grimm, M., Geczy, C, Kavalaris, M., Khachigian, L., Lock, R., McNeil, P., Scott, K. F., 
Walsh, W., Yang, L., Rae, C. $769,000 Positron Emission Tomographic (PET) scanner and 
associated infrastructure. 



2010-2012. Prostate Cancer Foundation of Australia, de Souza, P. Scott, K. F. Young, P. , 
Graham, G. G., Liauw, W., Russell, P. J. $450,000. A translational and pharmacokinetic study 
of a novel orally-active, targeted treatment for hormone refractory prostate cancer. 
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1988. Generic Technology Grant from the Department of Industry Technology and 
Commerce (DITAC) in 1988 entitled "Recombinant biosynthesis of multi-subunit proteins 
requiring post-translational modification for biological activity". $1,004,025. Principal 
Investigator, Dr. K.F Scott. Associate Investigators, Dr. L. Lazarus, Dr. J. Shine, Dr. P Gray, 
Dr. M. Stuart. 

1990. Discretionary Grant from DITAC entitled "Therapeutic monoclonal antibody for 
treatment of septic shock". $1,080,050. Project Leader, Dr. K.F.Scott, Principal Researchers 
Dr. A. Protter, Prof. P. Gray, Dr. I. Rajkovic. 

9. Publications (Total citations, 1391 , average citation rate 26.75, H-index 23) 

42 original papers in peer-reviewed journals 
12 invited reviews 
2 book chapters 

19 conference proceedings papers 
89 presentations at meetings. 

17 patents:- 11 patents issued, 1 pending, 5 filed/lapsed 



10. Teaching Experience. 

My academic career in research has been intimately associated with the teaching life of the 
Universities I have been associated with, particularly in the training of graduate and post-graduate 
students. During my early years as a postgraduate student and post-doc at the Centre for 
Recombinant DNA Research at the ANU, I developed and lectured in training courses in both 
theoretical and practical aspects of molecular biological techniques. I was a guest lecturer in the 
Department of Botany, ANU and gave several lectures per year in a variety of courses. During my 
post-doctoral years at ANU I directly supervised three PhD students (see Detailed CV), all of whom 
remain in research and/or teaching at Australian Institutions. I also supervised three honours 
students in this time. During my time in industry I cosupervised two PhD students and since 
returning to academia in 1992 I have supervised four PhD students, one of whom won the Campion 
Ma Playoust Award for his thesis presentation from the Australian Society for Medical Research. I 
have supervised four Masters students and four Honours students. Since 2002, 1 have assisted in the 
design and execution of practical courses for the Masters in Biopharmaceutical development, 
UNSW and have been a mentor and examiner for students in the UNSW postgraduate course 
"Molecular Basis of Disease". 

1 1 . Research Experience 

My early research training was in molecular genetics in the laboratory of Prof. John Shine. I 
developed a novel method for cloning and characterising bacterial genes involved in plant-microbe 
interactions using random insertional mutagenesis with the transposable element Tn5 (Journal 
Article 4). The physical properties of Tn5 enabled the DNA flanking the site of insertion of the 
transposon to be cloned and sequenced. The wild-type allele could then be isolated from a genomic 
library of bacterial DNA and used to correct the phenotype of the mutant bacterium. These 
experiments were one of the earliest examples of the demonstration of Koch's postulates using 
molecular techniques. This system continues to be widely used in bacteria and approaches like this 
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were the conceptual forerunners to the development of gene knockout techniques in animals. I was 
the first to clone and characterise the genes encoding nitrogenase, the central enzyme in the entry of 
elemental nitrogen into the biosphere. (Journal Articles 1, 6, 7, 9) Through these studies I gained 
experience in gene cloning and characterisation, bacterial genetics, and plant biochemistry. I used 
this experience in my post-doctoral period to clone and characterise genes involved in the 
recognition of non-legume plants by bacteria. This work resulted in the discovery of a new 
nodulation gene nodK (Journal Article 10). These studies also resulted in the issuing of several US 
patents, in particular, one that described the development of a bacterial strain that resulted in 
increased plant yield over its parent strain, a key goal of genetic manipulation studies in biological 
nitrogen fixation. 

In 1988 I changed careers and moved to industry. My research interests were in the area of 
understanding the role of phospholipase A2 (PLA 2 ) in the pathogenesis of inflammatory diseases 
such as septic shock and rheumatoid arthritis. The work was focused on the development of useful 
antibody-based PLA2 antagonists and has led to some exciting basic discoveries. We expressed a 
newly identified human group IIA secreted PLA2 (hGIIA), developed a purification strategy for 
hGIIA and raised murine monoclonal antibodies to both linear and conformational epitopes of the 
molecule (Conference Proceedings 19). Two of these antibodies formed the basis for the 
development of a sensitive and specific sandwich ELISA which has been used to quantify hGIIA 
levels in circulation of patients with arthritis (Journal articles 18,19) and septic shock (Journal 
articles 17, 20). This study also showed for the first time that the PLA2 activity associated with the 
onset and severity of septic shock is identical to that associated with the severity of rheumatoid 
arthritis. The ELISA we developed is in use in several laboratories around the world. Recently, 
with the discovery of at least eleven human forms of secreted PLA 2 and the observation that our 
ELISA is specific for the hGIIA form (Review 2), the clinical studies described here remain 
important in the field, identifying this form as being associated with inflammatory conditions in 
humans. Two of our antibodies neutralise SPLA2 in in vitro activity assays (Conference 
proceedings 18,19). The antibodies also show positive effects on blood pressure in a baboon model 
of severe septic shock (unpublished data) . This work led to the view that hGIIA is a contributor to 
the pathophysiology of septic shock and may be implicated in the progression and severity of other 
immune-mediated inflammatory disorders with which it has been clinically associated including 
asthma, Crohn's disease, psoriasis and more recently, coronary artery disease and prostate cancer. 
During this time in industry I gained experience in mammalian and bacterial expression systems, 
scale-up production, purification and analysis of recombinant proteins, production and screening of 
monoclonal and polyclonal antibodies, antibody-based assays, animal models of inflammation in 
rabbits, rats, mice and baboons and experience in lipid mediator and enzyme biochemistry. 

I moved back to academic research in 1992 to continue my research interest in understanding the 
mechanism of PLA 2 action in the pathogenesis of rheumatoid arthritis. In collaboration with Prof. 
Peter Brooks I have gained experience in the design, execution and analysis of clinical studies with 
arthritis patients (Abstract 37). Using immunohistochemistry, confocal microscopy (through 
collaboration with Prof. Anne Cunningham) and in situ hybridisation with human synovial tissue, 
we have shown that the induction of hGIIA protein expression in the synovium is associated with 
histological markers of inflammation (journal article 34). Through collaboration with Prof, 
Prazanski and Dr Vadas at the Wellesley Hospital, Toronto and Dr Greg Rice, Royal Women's 
Hospital, Melbourne I quantified the levels of hGIIA in various diseases and in association with 
labour onset. These studies have established the Group IIA isoform of PLA 2 as a predominant 
secreted form in these conditions. I have also gained experience in collagen-induced arthritis 
models in rats and mice and carrageenan-induced acute inflammation models in rats. These models 
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were used in the preclinical evaluation of peptide-based agents that I performed under contract to 
industry (unpublished data and Abstract 50). 

1 have further developed my protein biochemistry experience and knowledge in the area of lipid 
mediators. A highlight of this work was the discovery of synthetic peptide inhibitors of hGIIA 
(Journal Article 28). These studies identified that synthetic peptides derived from the native 
sequence of hGIIA from different species were specific inhibitors of the enzyme from which they 
were derived, a process we have termed "native peptide inhibition". Recent developments in this 
work have generated potent cyclic peptide inhibitors of hGIIA function (Abstracts 63, 65, 67, 69, 
71, Journal Article 38). These studies are particularly important since they raise the possibility of 
developing isoform-specific sPLA 2 inhibitors that may be useful in defining the relative roles of the 
eleven known human sPLA 2 variants. This work, in collaboration with Dr Bret Church (now with 
the Department of Pharmacy, University of Sydney), Dr Albert Tseng and Adam Inglis, has given 
me experience with molecular modelling, surface plasmon resonance and further developed my 
experience in protein and peptide biochemistry. 

My work on the mechanism of action of hGIIA in rheumatoid fibroblast cell function, has shown 
that exogenous hGIIA, at concentrations found in the synovial fluid of patients with arthritis, 
upregulates TNF-a-stimulated PGE 2 production by superinduction of the cPLA 2 -a/cyclooxygenase- 

2 pathway (Abstracts 61, 64, Bidgood et al., J. Immunol, 2000). The mechanism of this 
superinduction is completely unknown. Further, hGIIA alone upregulates COX-2 without enhanced 
PGE 2 release or induction of the known pathways involved in COX-2 upregulation such as the p38 
mitogen activated kinase pathway of nuclear factor-KB mobilisation (Abstract 70, Bryant et al. 9 
manuscript submitted). Rather, hGIIA activates the ERK mitogen activated kinase pathway in these 
cells. Given the known role of the ERK pathway in activation of gene expression, these findings 
suggest that hGIIA may have broader effects on synovial cell function than upregulation of the 
prostaglandin pathway alone (Abstract 72). Further, we have recently shown that hGIIA is rapidly 
internalised by rheumatoid synovial fibroblasts, raising the possibility that sPLA 2 effects may be 
mediated by a receptor-dependent mechanism. It is important to define this pathway in synovial 
fibroblasts since it may be a novel mechanism by which hGIIA and possibly other secreted proteins, 
may modulate intracellular signal transduction pathways. These studies have given me experience 
and further developed my knowledge of cytokine signalling pathways, cytoskeletal cell biology, 
endocytotic pathways, confocal microscopy, primary cell culture, gel shift assays and the use of 
phospho- specific antibody techniques. 

In the last several years I have established a successful collaboration with Prof Garry Graham, 
Department of Physiology and Pharmacology, UNSW which has attracted industry support for our 
studies on the mechanism of action of the commonly-used and cost-effective analgesic, 
paracetamol. These studies have shown that paracetamol is a potent inhibitor of cyclooxygenase-2- 
dependent prostaglandin synthesis in human rheumatoid synovial cells (Review 3). I have also been 
successful in obtaining industry support to develop methods for detecting gene expression in cells 
derived from human blister fluid in response to UV-induced inflammation using real time RT-PCR. 
I also cosupervised a PhD student (Megan Taberner) working on global gene expression in synovial 
cells using DNA microarrays (publication 40). 

In collaboration with Dr Bret Church, my most recent PhD student, Dr Lawrence Lee has solved six 
X-ray crystal structures of hGIIA protein cocrystallised with both peptide and non-peptide hGIIA 
inhibitors. This work has identified important structural features induced by binding of inhibitors to 
hGIIA that may modulate newly-identified enzyme activity-independent effects of hGIIA 
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selectively over enzyme activity-dependent effects. These studies may lead to the design of a new 
class of selective hGIIA inhibitor. 

In recent years, in collaboration with Dr Qihan Dong, Department of Mediciane, University of 
Sydney, Prof Garry Graham, and Prof Pam Russell, (Oncology Research Centre, Prince of Wales 
Hospital), we have identified and validated hGIIA as a target for therapy in advanced prostate 
cancer (publication 39). Following on from this work, we have now shown that our cyclic 
pentapeptide inhibitors of hGIIA can induce complete regression of androgen insensitive tumours 
on oral administration in a xenograft model of prostate cancer (manuscript in preparation). These 
findings confirm the potential of this approach as a novel treatment for patients with advanced 
prostate cancer, a disease that claims 3000 lives per year in Australia and we hope to initiate clinical 
trials of our approach in the near future. To this end we have established a collaboration with dr 
Paul Young, Department of Pharmacy, University of Sydney to examine formulation approaches to 
these compounds. 
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12. Detailed Curriculum Vitae 

(a) Academic Background 

1978 Undergraduate training in chemistry and biochemistry, Massey University, New Zealand. 

1978 New Zealand Institute of Chemistry prize for Biochemistry, New Zealand. 

1979 BSc (Hons I) in Biochemistry Massey University, New Zealand. 
1979 Massey Scholarship, New Zealand 

1979 University Grants Committee Postgraduate Scholarship, New Zealand 

1980 ANU Postgraduate Scholarship, Canberra, Australia 

1983 PhD in Genetics, Australian National University. PhD thesis title: Symbiotic Nitrogen 
Fixation in Rhizobium: :A Molecular and Genetic Analysis. 

1984 J. G. Crawford Prize for PhD thesis, Canberra, Australia. 

(b) Postgraduate training 

Following my graduate training in gene cloning, I chose to continue research into the cloning of 
genes important in biological nitrogen fixation. This choice was made because at that time, the 
Research School of Biological Sciences was at the forefront of gene cloning technology and 
analysis in my field and I was keen to pursue the question of which bacterial genes were important 
for nitrogen fixation in nonlegume plants. After one year as a visiting fellow and one year as a post- 
doctoral fellow at ANU, I was appointed a Research Fellow in the Genetics Department of the 
Research School of Biological Sciences. During the three years of this appointment I further 
developed my gene cloning and characterisation expertise, established a number of successful 
collaborations, cosupervised several PhD students and was successful in obtaining independent 
peer-reviewed funding, notably a team leader's grant in the ARC National Research Fellowship 
scheme. My publication record in this period was steady with a well-cited sole author paper 
(Journal Article 10) published during this time. These studies also resulted in the issuing of several 
US patents. In particular, I am sole inventor on a patent describing a method for increasing the 
growth and yield of plants by inoculation with a genetically-modified bacterium which was never 
published in the academic literature. 

In 1988 I changed fields and careers and was recruited to industry with a small startup 
biotechnology firm Pacific Biotechnology, Sydney. I gained experience in protein expression in 
bacteria and mammalian cells, protein purification and analysis, monoclonal antibody production 
and characterisation, ELISA and enzyme activity assay development, animal models of 
inflammation, particularly in rabbits, rats, mice and baboons and clinical studies in humans. These 
skills were used in several project areas including expression of follicle stimulating hormone, 
development of novel antibody-based anti-leukaemic drugs and development and preclinical trial of 
monoclonal antibodies to secretory phospholipase A 2 . This change of field and movement to 
industry resulted in a break in my academic publication record for two years. Much of the work 
carried out in this period has not been published in the academic press. 

I then moved to take up an academic research position in the Department of Medicine, St Vincent's 
Clinical School, The University of New South Wales. During this time I built and staffed 
laboratories in the Medical Professorial Unit at St Vincent's Hospital, funded primarily by a 
successful R&D syndicate proposal based on the development of novel inhibitors to secretory 
phospholipase A2 (hGIIA). These laboratories were moved to the Garvan Institute in 1997 and are 
now located on Level 10 of the Garvan Institute Bldg, Sydney where I becam a founding member of 
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the Arthritis and Inflammation Research Programme of the Garvan Institute. During this time I 
have extended my research into the mechanism of action of hGIIA in human rheumatoid cells (see 
Section 11) as well as successfully continue my association with industry through contract research 
described above. 

(d) Collaborations 

I have had successful international collaborations with Dr Jeff Seilhamer (Cofounder, Incyte 
Pharmaceuticals, San Francisco, CA) (Journal Article 16) who cloned sPLA 2 and Drs Peter Vadas 
and Waldemar Pruzanski, the discoverers of sPLA 2 , at the Wellesley Hospital, Toronto (20, 21, 23, 
26, 27) studying the association of sPLA 2 with malaria, salicylate intoxication and extending our 
own studies on sepsis and rheumatoid arthritis. More recently I set up a collaboration with Prof 
Michael Gelb, University of Washington, Seattle to pursue studies on the role of sPLA2 in prostate 
cancer. This collaboration ahs been particularly productive giving us access to pharmacological 
resources and reagents that have proved essential for progress to be made. I have had a long- 
standing association with Prof. Timo Nevalainen that resulted in a coauthored invited review last 
year. 

My collaboration with Prof. S. Brennecke and Dr. G. Rice, Royal Women's Hospital, Melbourne, 
has been productive in the area of sPLA 2 in parturition (19, 24, 25, 29, 31, 32). I have also 
collaborated extensively with local investigators including Dr Ken Ho, Garvan Institute and Dr 
Richard Lee, St Vincent's Intensive Care Unit (17), Dr Robyn Ward, Oncology, St Vincent's 
Hospital and Dr Lou McGuigan, Rheumatology, St George Hospital (18), Prof. Reg Lord and Dr 
Hakan Parsson, Surgical Professorial Unit, St Vincent's Hospital (30, 35) who have provided 
clinical expertise and advice, Dr Roland Stocker, Heart Research Institute (33) and Dr Vince Munro, 
Anatomical Pathology, St Vincent's Hospital who provided advice on histological features of tissues 
(34). I have also collaborated with Prof. James Biggs and Dr Kerry Atkinson providing molecular 
biology expertise on the development of immunotoxins to treat leukaemia which included 
cosupervision of a PhD student, Dr Robert Seymour (Abstract 26) and cosupervised an honours 
student, Ms Louise Graham, with Prof. Paul Seale, Pharmacology Department University of Sydney 
working on sPLA 2 in asthma (Abstract 34). 

I have had collaborations with several local investigators including Prof. Anne Cunningham, Prince 
of Wales Children's Hospital, (34), Prof. Garry Graham, Physiology and Pharmacology, UNSW 
(Cosupervisor, Ms Sally-Ann Robins, Abstract 73, Review 3), A/Prof. David Walsh (Abstract 74, 
manuscript in preparation), Anatomy, UNSW, Prof. Michael Perry, Physiology and Pharmacology, 
UNSW, Dr Malcolm Handel, Medicine, UNSW, Prof. Charles Mackay, Garvan Institute, Dr Garry 
Corthals and more recently, Prof Greg Cooney, Garvan Institute. 

(e) Local, national and international profile 

Since 1992 I have given several invited presentations at local institutions including the Department 
of Clinical Pharmacology, St Vincent's Hospital (annually since 1992), the Heart Research Institute, 
Camperdown (1992 and 1996), the Centre for Immunology, St Vincent's Hospital, (1992 and 1999), 
Royal North Shore Hospital (1993 and 1996), St George Hospital (1993), the Department of 
Pharmacology, University of Sydney (1994 and 1998), the Department of Physiology and 
Pharmacology, UNSW (1994), the Rheumatology Department, St Vincent's Clinic (1994), the 
Department of Biochemistry, UNSW (1995), the Department of Pharmacy, University of Sydney 
(1997), the Victor Chang Cardiac Research Institute (1997), the Garvan Institute of Medical 
Research (1998), the Prince of Wales Hospital (1999), the Department of Rheumatology, Westmead 
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Hospital (1999). In the last five years I have been invited to speak at institutions including the 
Kolling Institute, the Oncology Research Centre, Prince of Wales Hospital. 

I have been involved in local societies, organising and participating in the inaugural ASMR state 
scientific meeting in 1994 (Abstract 36) and acting as session chair and/or member of the scientific 
judging panel in each of the subsequent meetings. I have also played an active role in the local 
biochemistry community since 1992, serving as a member of Sydney Protein Group committee, a 
special interest group of the Australian Society for Biochemistry and Molecular Biology. I have 
made several presentations (Abstract 24-26, 40, 45, 48, 53, 64, 65) at other local meetings notably 
an invited lecture in the annual St Vincent's Symposium series (Abstract 39). 

My national profile is reflected in invitations to speak in symposia at various National Meetings, 
commencing with a symposium presentation at the Australian Society for Microbiology meeting, 
Canberra, in 1981 and a workshop on new techniques in molecular biology at the Lome genome 
meeting, 1988. More recently I have been invited to speak at the Australian Society for Medical 
Research meeting (Brisbane, 1992), the Australian Animal Technicians Association meeting 
(Sydney, 1996), the inaugural "Commercialising Health Forum" meeting (Sydney, 1997) and the 
inaugural meeting of the Society for Leukocyte and Inflammation Research, held conjointly with the 
Australian Society for Immunology Meeting (Melbourne, 1998). I was invited to chair a 
symposium on symbiotic nitrogen fixation at the Australian Society for Microbiology meeting in 
1988. From 1992 to 1999 I have acted as session chair and/or member of judging panels at each of 
the annual National Meetings of the Australian Society for Medical Research. Since 1996 I have 
made presentations (Abstracts 47, 62-64) and been involved as session chair in the biennial East 
Coast Protein Meeting, a combined meeting of the Sydney and Queensland protein groups held at 
Byron Bay. I have given invited presentations to the Institute of Veterinary and Medical Sciences, 
Adelaide, and several presentations to the Department of Obstetrics and Gynaecology, Royal 
Women's Hospital, Melbourne. I was also given an honorary position in that Department in 1993 in 
recognition of my collaborative contributions. I have also made oral and poster presentations at 
several national meetings from my own lab and in collaboration (Abstracts 11-18, 23, 35, 37, 38, 49, 
54-57,67,70,71). 

My international profile is reflected in presentations at the 2nd International Symposium on Trauma, 
Shock and Sepsis, Munich, Germany, 1991 (Abstracts 20-22), two of which were chosen for 
publication in the proceedings of the meeting (conference proceedings 18,19). I received invitations 
to speak at the 8th International Congress on Prostaglandins and Related Compounds, Montreal, 
Canada (1994) (Abstract 28) and the 2nd World Congress on Inflammation, Brighton, U.K 
(Abstract 45). My work has also been selected for poster presentation at several international 
meetings, notably at the American College of Rheumatology meeting (Abstract 27, 58) Gordon 
Conference (Abstract 59) and three Keystone Symposia (Abstract 60, 69, 72), the most recent of 
which has been selected for an oral presentation. My collaborative work has been presented at 
several international meetings (Abstract 19, 29-34, 41-43, 51, 66). I have given invited lectures at 
the National Cancer Institute, Frederick, Washington, USA, the Wellesley Hospital, Toronto, 
Department of Molecular Biology and Biochemistry, University of California, Irvine, Department of 
Biochemistry, Massey University, New Zealand, DuPont Ltd, Boston, Boehringer Mannheim Ltd, 
Penzburg. I was also invited to attend a Roussel-UCLAF meeting on sepsis in Paris, 1992. My 
recent work has been the subject of invited presentations to the second international meeting on 
phospholipase A2 (Berlin, 2004), the 3 rd International meeting on phospholipase A2 (Sorrento, 
2007) and the 4 th International conference on Phospholipase A 2 and lipid mediators, (Tokyo, 2009). 

(f) Postgraduate and undergraduate teaching 
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Ph.D Student Cosupervision. 

1983-1986 Dr. J.J. Weinman, Australian National University. "Structure Function Studies of 
Nitrogen Fixation Genes in Broad-Host-Range Brady rhizobium" . 
Current position. Research Officer, RSBS, Australian National University. 

1983-1986 Dr. S. M. Howitt, Australian National University. "Physiological and Metabolic 
Studies on Nitrogen Fixation in Broad-Host- Range Bradyrhizobium" . 
Current position, Senior Lecturer, Faculty of Science, Australian National University. 

1985 - 1987 Dr. M. N. Upadhyaya, "Molecular Genetics of Leaf-curl Diseases in Rhizobium- 
legume Interactions". 

Current position. Principal Research Scientist, CSIRO, Plant Industry, Canberra. 

1989 -1994 Dr A. Tseng, "Structure-Function Studies on Human Secretory (Type II) 
Phospholipase A 2 " Current position: unknown 

1989-1994 Dr. R. Seymour, "Molecular Design of Antibody-Toxin Conjugates for the Treatment 
of Leukaemia". 
Current position unknown. 

1992 -2000 Dr. M. Bidgood, "Secretory phospholipase A 2 -cyclooxygenase pathways in 
rheumatoid arthritis". Winner 1997 Campion-Ma Playoust Award, ASMR. 
Thesis submitted February, 2000. Current position, Pharmacist 

1995 - 2001 Ms. C. Salom. "Regulation of secretory phospholipase A 2 expression in human 
rheumatoid synovial fibroblasts". Did not complete. Current position: Director, 
Centre for Addiction Research and Education, DRUG ARM, Queensland. 

1999-2003 Dr Megan Taberner. " Global gene expression in human rheumatoid synoviocytes". 
Current Position: Senior Associate, Mitchell Madison Group, London UK. 

2003-2007 Dr Lawrence Lee. "Inhibiting the multiple actions if human group IIA secreted 
phospholipase A 2 " Post-doctoral Fellow, Victor Chang Cardiac Research Institute 

Masters Cosupervision. 

1995 - 2001 Mr. O. Jamal. "Expression of secretory phospholipase A 2 -IIA in arthritic synovium". 
Did not complete. 

2005. Cosupervisor Abdel Qader Masters of Biopharmaceutival Research, UNSW 

2006. Cosupervisor, Vinod Kumar, Masters of Biopharmaceutival Research, UNSW 



Cosupervision, undergraduate Honours Students. 

1986 Dr. T. Holton. "Transcriptional Analysis of nif Gene Expression in RhizobiumT . 

1987 Ms. J. Stanton. "Identification of Nodulation Genes in Bradyrhizobium." 

Mr. P. Williamson, "Restriction Fragment Length Polymorphisms in Soybean 
{Glycine max.)" 
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1992 Ms. Louise Graham. "Phospholipase A2 in Asthma". 

2000 Ms Sally Robins "The effect of paracetamol on the prostaglandin pathway in human 

rheumatid synoviocytes" 

2003 Mr Jeremy Keh "The effect of phenolic antipyretic and analgesic drugs and their 
metabolites on myeloperoxidase activity" 

2004 Mr Chris Young. " The effect of reducing agents on paracetamol-mediated analgesic 
action in the mouse acetic-acid-induced writhing test. 

Undergraduate Teaching. 

1983 Lecturer in the Research School of Biological Sciences course "Molecular Genetics 

and Recombinant DNA technology" 
1986 Invited Lecturer, Botany Department, ANU. 

(g) Administrative responsibilities. 

My most recent position carries the administrative responsibilities of a level C academic, 
particularly responsibility for the day-to-day administration of a research group including financial 
management of grants, preparation of research reports and provision of reports on student 
performance to higher degrees committees. I have also served on the St Vincent's campus seminar 
committee and the Garvan Institute library committee. Prior to that I was the Scientific Director of 
an R&D Syndicate with a budget of $1 .03 million pa. over a 3 year period. I was responsible for all 
aspects of the management of this project. I had administrative responsibilities for my research 
group during my time at Pac Bio and served on the research strategy committee of that company.. 

(h) Peer review involvement 

From 1983 to 1989 I was a reviewer of grants for United States Department of Agriculture. I 
currently review 1-4 grants per year for each of the following agencies; the Australian National 
Health and Medical Research Council, the Australian Research Council, The Australian 
Rheumatology Association, the United Kingdom Arthritis and Rheumatism Council, the Anti- 
Cancer Council of Victoria and the Community Health and Anti-tuberculosis Association. I review 
1-4 manuscripts per year for the Medical Journal of Australia, Inflammation Research, the Journal 
of Leukocyte Biology, the Journal of Immunology, the European Journal of Biochemistry, 
Immunopharmacology, the American Journal of Pathology, Biochimie. I have acted as PhD 
examiner on seven occasions for theses submitted to Massey University (New Zealand), the 
University of Melbourne, the University of Sydney and Monash University. I have served on 
judging panels for scientific prizes at several State and National meetings of the Australian Society 
for Medical Research, served on the judging panel for Sydney Protein Group travel scholarships 
over several years and the panel for the Thompson Prize for student presentations in 1999. I am 
currently on the editorial board of two review journals, "Recent Patents on Anticancer Drug 
Discovery" and "Recent Patents on Cardiovascular Drug Discovery" and one open access Journal 
"The Open Cancer Journal". 

(i) Scientific discipline involvement 

I hold membership in the American Association for the Advancement of Science and three national 
societies, the Australian Society for Medical Research (ASMR), The Australian Society for 
Biochemistry and Molecular Biology (ASBMB) and the Society for Lymphocyte and Inflammation 
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Research. I am a member of two special interest groups of ASBMB, the Sydney Protein Group and 
the Sydney Transcription Group. 

From 1991 to the present I have been involved in committees of the Australian Society for Medical 
Research (ASMR), first as a member and Hon. Treasurer of the state branch. From 1993 to 1997 I 
was on the Board of ASMR serving on several committees and as member of the executive 
committee from 1995-1997. I served as President in 1997. I currently serve as chair of the 
Research Fund of ASMR. I have been on the committee of the Sydney Protein Group since 1995. 1 
was also a member of the research committee of the New South Wales State Cancer Council in 1997 
and 1998. This committee was responsible for providing research policy advice to the Cancer 
Council Board and for the administration of the Council's research grant scheme 

I was a member of the organising committee of the Lome Genome Conference in 1988 and 
convened the inaugural scientific meeting of the ASMR state branch in 1992. I served on the Local 
organising committee of the ASMR national meeting held in Sydney in 1993. As a member of the 
ASMR board, I was responsible for overseeing the National Scientific Meetings held in my state. I 
have organised two scientific meetings for the Sydney Protein Group with invited international 
speakers and two meetings featuring local speakers. Both State and National ASMR meetings 
generate strong media interest and I have had extensive experience in the coordination of both print 
and electronic media coverage for these scientific meetings using several public relations firms. 

Through the public affairs function of ASMR, I have had extensive experience with the organisation 
of research awareness programmes, particularly ASMR's annual national public awareness 
campaign "Medical Research Week". I have been involved in all aspects of these campaigns 
including fund raising, planning, liason with contracted public relations firms, writing and recording 
community service announcements for radio and press releases for the print media. I have 
conducted numerous national and local radio interviews promoting the benefits of research and 
spoken at meetings of several community groups such as Rotary Clubs. 

ASMR also has a major political function in representing the views and aspirations of the medical 
research community, acting as an umbrella organisation for some 35 professional societies. In my 
term as president, the ASMR played a significant role in resolving difficulties associated with 
proposed changes to the research policy and direction of the New South Wales State Cancer 
Council. I instigated negotiations with the New South Wales State Government which resulted in a 
redrafted Cancer Council Act which guaranteed representation of researchers actively involved in 
cancer research through an ASMR nominee on the Board. Also during my presidential term, I, 
along with the ASMR board devised and raised funds for a campaign to double the budget of the 
Australian National Health and Medical Research Council. This campaign was successfully 
concluded with the announcement of a doubling of funding for research in the 1999 Federal Budget. 
It is widely acknowledged that ASMR played a significant role in that outcome through its lobbying 
and public relations activity. 

(j) Wider community involvement 

In addition to my work with ASMR, I have been involved in a health awareness campaign with 
respect to arthritis, serving on the planning committee for this campaign run by St Vincent's 
Hospital. I presented a public lecture on prospects for arthritis treatment and the benefits of research 
during National Science Week, 1999 at the Garvan Institute. As part of this awareness campaign I 
have also conducted several radio interviews specifically related to arthritis research. I promote 
science and medical research at our local primary school through involvement in the P&C 
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organization and fundraising for an annual science fair and provision of science resources to support 
the curriculum. Most recently I have been an invited speaker at several fundraising events for the 
NSW Cancer Council "Relays for Life". 

(k) Research grant support 

1985 "Nodulation genes in Rhizobium". K. F. Scott, J. M. Watson, $5,000 CSIRO/ANU 
Research Grant 

1986 "Nodulation genes in Rhizobium" K.F. Scott, LM.Watson, $16,000, CSIRO/ANU 
Research Grant. 

1986-1989 Team Leader's Grant National Research Fellowships, K.F.Scott, $82,500 ,ARC 

1987 "Nodulation genes in Rhizobium", K.F.Scott, $4,500, J.M. Watson, CSIRO/ANU 
Research Grant 



1993-1995 "Production of a Recombinant Immunotoxin with Potential Utility in Leukaemia 
Therapy", $43,000 p.a. A/Prof. K Atkinson, Prof. J. Biggs, Dr. P. Kearney, Dr. K. F. 
Scott. NHMRC. 

1993-1995 "Phospholipase A 2 in Labour Onset". $100,000 p.a. Dr. G. Rice, Dr K.F. Scott, 
Prof. S. Brennecke and Prof. G. Thorburn. NHMRC. 

1993 "Phospholipase A 2 in Arthritis". $6,000. Dr. K.F. Scott, Prof. P.M. Brooks. 

Arthritis Foundation of Australia Grant in Aid. 

1993 "Structure-Function Studies on Secretory Phospholipase A 2 ". $12,000. Dr. K.F. 

Scott and Dr. P. Curmi. ARC Small Grant Scheme. 

1993 "Phospholipase A 2 in Arthritis". $ 10,430. Dr. K.F Scott and Prof. P.M. Brooks. 
Rebecca Cooper Foundation. 

1994 "Structure-Function Studies on Secretory Phospholipase A 2 " Dr. K. F. Scott and Dr. 
P. Curmi. $12,000. ARC Small Grant Scheme. 

1995-1997 "The Role of Human Type II Secretory Phospholipase A 2 in Rheumatoid Arthritis". 

Chief Investigators Dr K.F. Scott, Prof. P.M. Brooks. Associate Investigator Dr. A. 
Tseng. $103,000 p.a. NHMRC. 

1996 "Macromolecular Crystallographic Analysis Facility". $815,000. Dr P. Curmi, Dr K. 

F. Scott, Dr S. Breit, Dr. B. Mabbutt. UNSW Capital Grant. 

1996 "Transcriptional Control of Secretory Phospholipase A 2 gene expression". $10,000. 

Dr K.F. Scott, ARC Small Grant Scheme. 

1996 "Molecular Modelling Equipment". $100,000. Prof. R.M. Graham, Dr P. Reik, Dr. 

D. Ogg, Dr B. Church, Dr K.F. Scott., Prof. P. Brooks, Dr T. Iismaa, Dr H. Herzog, 
Prof. J. Shine. Viertel Foundation. 
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1997 "Resources for Structural Biology". $250,000. Dr. P. Curmi, Dr K.F. Scott. UNSW 

Capital Grant. 

1997 "Transcriptional Control of Secretory Phospholipase A 2 Gene Expression". $11,000. 

Dr K. F. Scott. Rebecca Cooper Foundation. 



1998-2000 Modulation of Cytokine- mediated Inflammatory Responses by Human Type II 
Phospholipase A 2 . $130,000 p. a. Dr K F Scott, Prof P Brooks. NHMRC.2000 

2000 Glaxo- Wellcome: $35,000. Detection of transcripts encoding enzymes of the 

eicosanoid biosynthetic pathway in cells from human blister fluids. Dr K.F. Scott 



2000-2001. Smithkline Beecham (Australia and UK) $70,000. The effect of paracetamol on 
prostaglandin production by human rheumatoid synovial cells in culture. Dr G.G. 
Graham and Dr K. F. Scott 



2001-2002 GlaxoSmithkline (Australia and UK) $ 50,000 The effect of paracetamol on 
prostaglandin production by human rheumatoid synovial cells in culture. Dr G.G. 
Graham and Dr K. F. Scott 



2001-2002. Rebecca Cooper Foundation. $15,000. Research on phospholipase A 2 . 

2003-2005 The mechanism of action of secreted phospholipase A 2 and its inhibition in 
inflammation. $175,000 p.a. Dr K.F. Scott, Prof G.G. Graham, A/Prof HP McNeil. 
NHMRC 



2004-2006 Department of Veterans Affairs. Dong Q, Scott K. F., Graham G and Russell PJ: 
$490,500. Oncogenic action and therapeutic potential of PLA 2 in prostate cancer. 

2007-2009. NSW Cancer Council. Scott K. F., Graham, G. G., Dong, Q., Russell, P. J., 
$300,000 Secreted phospholipase A 2 in prostate cancer. 



(1) Other relevant data 



My career to date has been focused on research problems that have potential commercial value. My 
Ph.D studies resulted in the filing of several patents in the USA and Europe, most of which have 
issued. In recent years I have had experience in the commercialisation of focused research being 
involved in both the management and execution of research as well as gaining experience with 
patent and other business issues relating to the specific projects for which I was responsible. At 
Pacific Biotechnology, I served on the project evaluation committee which evaluated development 
projects on both scientific and commercial grounds. I was responsible for a team of twelve 
researchers over a three year period. This work was funded by two successful Government grants 
(i) a Generic Technology Grant from the Department of Industry Technology and Commerce 
(DITAC) in 1988 entitled "Recombinant biosynthesis of multi-subunit proteins requiring post- 
translational modification for biological activity". $1,004,025. Principal Investigator, Dr. K.F Scott. 
Associate Investigators, Dr. L. Lazarus, Dr. J. Shine, Dr. P Gray, Dr. M. Stuart, and (ii) a 
Discretionary Grant from DITAC entitled "Therapeutic monoclonal antibody for treatment of septic 
shock". $1,080,050. Project Leader, Dr. K.F.Scott, Principal Researchers Dr. A. Protter, Prof. P. 
Gray, Dr. I. Rajkovic. 
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In addition to presentations at local and international scientific meetings, I have prepared and made 
business and scientific presentations to many multi-national biopharmaceutical companies including 
DuPont (Delaware), Johnson & Johnson (San Diego and New Jersey), Scios-Nova (San Francisco) 
and Serono (Geneva). 

From 1995-1997 I managed a government- sponsored R&D Syndicate aimed at developing 
phospholipase A 2 inhibitors. Principal Investigators, Dr K. F. Scott, Prof. P. Brooks and Prof. J. 
Shine. $1.03M p. a. This gave me additional experience in the design and management of R&D 
projects and resulted in the filing of several patents. These funds also provided the necessary capital 
equipment for the establishment of a laboratory. My profile in industry was recognised by my 
appointment to the Executive Committee and as Chair of the Programme Committee of the 1st 
Commercialising Health Forum, a biennial international meeting held in Australia with a view to 
showcasing the Australian Medical Biotechnology Industry internationally. 

Issued Patents. 

1. U.S. Patent No: 5,001,061 Method utilising nifD promoter regions of Brady rhizobium 
japonicum and B. (sp. Parasponia) useful for expressing foreign genes in root nodules. 

2. U.S. Patent No: 5,008,194 Recombinant DNA molecules, plasmids, transformed bacteria, 
which have nitrogen fixation gene H promoter sequence from Brady rhizobium sp. and 
foreign structural gene. 

3. U.S. Patent No: 5, 045, 461; Method for increasing yield and nodulation by Brady rhizobium. 

4. U.S. Patent No: 5,137,816; Rhizobial diagnostic probes and Rhizobium trifolii nifR 
promoters 

5. U.S. Patent No: 5,484,718; Nodulation gene promoters 

6. U.S. Patent No: 5,656,602; PLA 2 inhibitory compounds 

7. Australian Patent No: 8823915 Recombinant DNA molecules for plants and bacteria 
containing promoter for a nifH gene of Rhizobium trifolii and a foreign structural gene. 

8. European Patent No. 130,047. Bacterial strain containing recombinant DNA fragments 
especially in Rhizobium strains for improved nitrogen fixation. 

9. Australian Patent No 668513 - PL A 2 Inhibitory Compounds. 

10. European patent No 92914800.5, PLA 2 Inhibitory Compounds. 

1 1 . Australian Patent No 2003229143. "Method of inhibiting prostate cancer cell proliferation". 
Pending patents: 

1. PCT/AU03/00719 'Method of inhibiting prostate cancer cell proliferation". This patent is 
currently in National phases of examination in the United States, Canada, Europe and Japan. 

Filed/lapsed patents 

1 . U.S . Patent Application No: 662,61 1 , Repetitive sequences in Rhizobium. 

2. U.S. Patent Application No: 875, 296, Bradyrhizobium (sp. parasponia) nodulation regulatory 
protein and gene. 

3. U.S. Patent Application No 09/269402- Inhibitors of PLA 2 

4. Australian Provisonal patent application "A novel enzyme" 

5. International Patent application No PCT/AU99/00087 Cyclic peptide inhibitors of PLA 2 
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1. Scott, K.F., Rolfe, B.G., Shine, J. (1981) Biological nitrogen fixation: Primary structure of 
the Klebsiella pneumoniae nifH and nif D genes. J. Mol. Appl. Genet. 1:71-81 ( 5 citations). 

2. Cen, Y., Bender, G.L., Trinick, M.J., Morrison, N.A., Scott, K.F., Gresshoff, P.M., Shine, J., 
Rolfe, B.G. (1982) Transposon mutagenesis in rhizobia which can nodule both legumes and 
non legume Parasponia. Appl. Env. Microbiol. 43: 233-236. (27 citations) 

3. Rolfe, B.G., Shine, J., Gresshoff, P.M., Scott, K.F., Djordjevic, M.A., Cen, Y., Hughes, J.E., 
Bender, G.L., Chakravorty, A., Zurkowoski, W., Watson, J.M., Badenoch- Jones, J., 
Morrison, N.A, Trinick, M.J. Rhizobium and the genetics of a controlled disease. Australian 
Microbiologist 3: 33-37. (citations not available) 

4. Scott, K.F., Hughes, J.E., Gresshoff, P.M., Beringer, J.E., Rolfe, B.G., Shine J. (1982) 
Molecular cloning of Rhizobium trifolii genes involved in symbiotic nitrogen fixation. J. 
Mol. Appl. Genet. 1: 315-326 (6 citations). 

5. Jarvis, B.D.W., Scott, K.F., Hughes, J.E., Djordjevic, M., Rolfe, B.G., Shine, J. (1983). 
Conservation of genetic information between different Rhizobium species. Can. J. 
Microbiol. 29:200-209. (12 citations) 

6. Scott, K.F., Rolfe, B.G., Shine, J. (1983). Nitrogenase structural genes are unlinked in the 
non-legume symbiont Parasponia Rhizobium sp. ANU289. DNA 2: 141-148. (50 citations) 

7. Scott, K.F., Rolfe, B.G., Shine, J. (1983). Biological nitrogen fixation: Primary structure of 
the Rhizobium trifolii iron protein gene. DNA 2: 149-155. (49 citations) 

8. Scott, D.B., Court, C.B., Ronson, C.W., Scott, K.F., Watson, J.M., Schofield, P.R., Shine, J. 
(1984). Organisation of nitrogen fixation and nodulation genes on a Rhizobium trifolii 
symbiotic plasmid. Arch. Microbiol. 139: 151-157. (23 citations) 

9. Weinman, J., Fellows, F., Gresshoff, P., Shine, J., Scott, K.F. (1984). Structural analysis of 
the genes encoding the MoFe protein of nitrogenase in Parasponia Rhizobium strain 
ANU289. Nucl. Acids Res. 12: 8329-8344. (33 citations) 

10. Scott, K.F. (1986). Conserved nodulation genes from the non-legume symbiont 
Brady rhizobium sp. (Parasponia). Nucl. Acids Res. 14: 2905-2919. (69 citations) 

11. Howitt, S.M., Day, D.A., Scott, K.F., Gresshoff, P.M. (1988). Mutants of Brady rhizobium 
(Parasponia) sp. ANU289 affected in assimilatory nitrate reduction also show lowered 
symbiotic effectiveness. J. Plant Physiol. 132 : 5-9. (1 citation) 

12. Entsch, B., Nan Y., Weaich, C, Scott, K.F., (1988). Sequence and organisation of pobA, 
the gene coding for /?-hydroxybenzoate hydroxylase, an inducible enzyme from 
Pseudomonas aeruginosa Gene 71 : 279-291. (48 citations) 

13. Iismaa, S.E., Ealing. P.M., Scott, K.F., Watson, J.M. (1989). Molecular Linkage of the 
nif /fix and nod gene regions in Rhizobium leguminosarum biovar trifolii. Molecular 
Microbiology. 3:1753-1764. (14 citations) 
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14. Badenoch- Jones, J., Holton, T.A., Morrison, CM., Scott, K.F., Shine, J. (1989) Structural 
and functional analysis of nitrogenase genes from the broad-host range Rhizobium strain 
ANU240. Gene, 77:141-153. (17 citations) 

15. Upadhyaya, N.M., Parker, C.W., Letham, D.S., Scott, K.F., Dart, PJ. (1991) Evidence for 
cytokinin involvement in Rhizobium (IC3342)-induced leaf-curl syndrome of pigeonpea 
(Cajanus cajan Millsp.) Plant Physiol. 95:1019-1025. (11 citations) 

16. Tseng, A., Buchta, R., Goodman, A., Loughnan, M., Cairns, D., Seilhamer, J., Johnson, L., 
Smith, G., Inglis, A., Scott, K.F. (1991). A strategy for obtaining active mammalian enzyme 
from a protein expressed in bacteria using phospholipase A 2 as a model. Protein Expression 
and Purification 2:127-135. (2 citations) 

17. Green, J-A., Smith, G.M., Buchta, R., Lee, R., Ho, K.Y. Rajkovic, I.A., Scott, K.F.(1991). 
The circulating phospholipase A 2 activity associated with sepsis and septic shock is 
indistinguishable from that associated with rheumatoid arthritis. Inflammation 15 : 355 - 
367. (127 citations) 

18. Smith, G.M., Ward, R.L., Mcguigan, L., Rajkovic, I.A., Scott, K.F. (1992). Measurement of 
human phospholipase A2 in arthritis plasma using a newly-developed sandwich ELISA. Br. 
J. Rheumatol. 31:175-178. (60 citations) 

19. Rice, G.E., Brennecke, S.P., Scott, K.F., Rajkovic, I.A., Bishop, G.J. (1992) Elevated 
maternal plasma immunoreactive phospholipase A2 in human preterm and term labour. 
Eicosanoids. 5:9-12. (22 citations) 

20. Vadas, P., Scott, K. F., Smith, G., Rajkovic, I., Stefanski, E., Schouten, B.D., Singh, R., 
Pruzanski, W. (1992). Serum phospholipase A2 enzyme activity and immunoreactivity in a 
prospective analysis of patients with septic shock. Life Sciences 50:807-812. (69 citations) 

21. Pruzanski, W., Scott, K.F., Smith, G., Rajkovic, I., Stefanski, E., Vadas, P. (1992) 
Enzymatic activity and immunoreactivity of extracellular phospholipase A2 in inflammatory 
synovial fluids. Inflammation 16: 451-458. (31 citations) 
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characterisation of Rhizobium (IC3342) genes which determine leaf curl induction in 
pigeonpea. Molecular Plant-Microbe Interactions. 5:129-143. (7 citations) 
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circulating group II phospholipase A2 expression in adults with malaria. Infect. Immunity. 
60:3928-3936. (25 citations) 

24. Farrugia, W., Aitken, M., Van Dunne, F., Wong, M.H., Scott, K.F., Brennecke, S.P., Rice, 
G.E. (1993). Type II phospholipase A 2 in human gestational tissues: II. Subcellular 
distribution of placental immuno- and catalytic Activity. Biochem. Biophys. Acta. 1166:77- 
83. (34 citations) 
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37. Church, W.B., Lei, P-W., Ogg, D.J., Scott, K.F. (2000) Crystallization and preliminary X- 
ray diffraction studies of a new crystal form of human secretory type IIA phospholipase A 2 . 
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THE DEVELOPMENT OF 
ANDROGEN-INDEPENDENT 
PROSTATE CANCER 



Brian J. Feldman and David Feldman 

The normal prostate and early-stage prostate cancers depend on androgens for growth and 
survival, and androgen ablation therapy causes them to regress. Cancers that are not cured by 
surgery eventually become androgen independent, rendering anti-androgen therapy 
ineffective. But how does androgen independence arise? We predict that understanding the 
pathways that lead to the development of androgen-independent prostate cancer will pave the 
way to effective therapies for these, at present, untreatable cancers. 
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Region of steroid hormone 
receptors that enhances target 
gene transcription. 
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Protein module in which 
conserved cysteine or histidine 
residues coordinate a zinc atom. 
Some zinc- ringer regions bind 
specific DNA sequences; others 
are involved in protein-protein 
interactions. 

HEAT-SHOCK PROTEINS 
(HSP). Molecular chaperones 
that are induced during cellular 
stress. They help regulate 
cellular homeostasis and 
promote survival. 
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Apart from skin cancer, prostate cancer is the most 
common form of cancer in men and the second leading 
cause of cancer deaths in men in the United States 1 . 
Initial treatment is usually prostatectomy or radiation to 
remove or destroy the cancerous cells that are still con- 
fined within the prostate capsule. However, many 
patients are not cured by this therapy and their cancer 
recurs, or they are diagnosed after the cancer has spread. 
Tumour growth is initially androgen dependent. 
Androgen ablation (BOX 1), the mainstay of therapy for 
progressive prostate cancer, causes regression of andro- 
gen- dependent tumours, as documented by the work of 
Huggins over 30 years ago 2 . However, many men even- 
tually fail this therapy and die of recurrent androgen- 
independent prostate cancer (AIPC). AIPC is a lethal 
form of prostate cancer that progresses and metasta- 
sizes. At present, there is no effective therapy for it. 
There are several pathways by which AIPC can develop. 
These pathways provide insights into the mechanism of 
androgen action and schemes by which cancer cells sub- 
vert normal growth control and escape attempts to treat 
the cancer. Understanding the pathways that lead to 
AIPC is the first step towards developing therapies for 
this lethal form of prostate cancer. 

Mechanism of androgen action 

Why do prostate cancer cells normally need androgens 
to grow and survive? Prostate cancer growth depends 



on the ratio of cells proliferating to those dying. 
Androgens are the main regulator of this ratio by both 
stimulating proliferation and inhibiting apoptosis. So, 
prostate cancer depends on a crucial level of andro- 
genic stimulation for growth and survival. Androgen 
ablation (BOX 1) causes cancer regression because with- 
out androgen, the rate of cell proliferation is lower and 
the rate of cell death is increased, leading to extinction 
of these cells 3 . 

Testosterone — the main circulating androgen — 
is secreted primarily by the testes, but is also formed 
by peripheral conversion of adrenal steroids 4 . It circu- 
lates in the blood, where it is bound to albumin and 
sex-horajoije-binding globulin (SHBG), with a small 
fraction dissolved freely in the serum. When free 
testosterone enters prostate cells (BOX 2), 90% is con- 
verted to dihydro testosterone (DHT) by the enzyme 
5a- reductase (SRD5A2). DHT is the more active hor- 
mone, having fivefold higher affinity for the androgen 
receptor (AR) than does testosterone. The AR is a 
member of the steroid-thyroid-retinoid nuclear- 
receptor superfamily 5,6 . It is composed of an amino- 
terminal activating domain, a carboxy- terminal ligand- 
binding domain and a DNA-binding domain in the 
mid-region that contains two zinc fingers. Like other 
nuclear receptors, in the basal state, the AR is bound 
to heat-shock proteins and other proteins in a confor- 
mation that prevents DNA binding. Binding to 
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Box 1 | Androgen ablation therapy 



More than 30 years ago, Charles Huggins showed that orchiectomy (removal of the testes) induced the regression of 
prostate cancer 2 . Since that time, androgen ablation has been the main therapeutic intervention for the treatment of 
hormone-sensitive prostate cancer 32 . The therapy is very effective in androgen- dependent cancer, but these cancers 
eventually become androgen independent, and go on to progress and metastasize. Although orchiectomy is an effective 
means of depleting androgens, pharmacological methods are now available. Gonadotropin-releasing hormone (GnRH) 
super-agonists (also referred to as luteinizing-hormone(LH)- releasing hormone analogues) downregulate the GnRH 
receptor in pituitary gonadotropes, leading to the suppression of LH release and inhibition of testosterone secretion from 
the testis 29 . GnRH antagonists are now in development that immediately antagonize LH release, avoiding the initial 
stimulation of testosterone secretion that occurs with GnRH super-agonists. Total androgen ablation 31 , also referred to as 
maximal androgen blockade, combines an androgen receptor (AR) antagonist (anti-androgen) with a GnRH inhibitor. 
AR antagonists also prevent androgens produced by the adrenal glands from binding androgen receptors in the prostate. 
Total androgen ablation has not yet been shown to prolong survival 33 , although it might be helpful in selected patients. It 
is unclear why the rational use of combination therapy does not improve survival compared with monotherapy, and 
further study is needed on this important therapeutic question 34 . Use of intermittent androgen ablation is being studied 
as a means of preventing or delaying the transition of cancer cells to androgen-independent prostate cancer 24 , which 
eventually develops in most cases. 



androgens induces a conformational change in the AR 
that leads to dissociation from the heat-shock pro- 
teins and receptor phosphorylation 6 , in part mediated 
by protein kinase A 7 . The ligand-induced conforma- 
tional change facilitates the formation of AR homodi- 
mer complexes that can then bind to androgen- 
response elements (AREs) in the promoter regions of 
target genes. The activated DNA-bound AR homodi- 
mer complex recruits co-regulatory proteins, co- acti- 
vators or corepressors, to the AR complex. As in other 
nuclear receptors, the ligand-induced, activated con- 
formation involves a shift in the position of helix 12 of 
the receptor to form a surface to which co- activators 



Box 2 | The prostate 




The main function of the 
prostate is to produce 
seminal fluid. The prostate 
is made up of epithelial 
glands and a 

fibromuscular stroma. The 
glandular epithelium, 
which gives rise to prostate 
adenocarcinoma, has th ree 



luminal secretory and 
neuroendocrine. There are 
fewer basal cells and th eir 
function is not fully 
understood, although they 
secrete components of the basement membrane. A subset of the basal cells might be 
epithelial stem cells for the luminal epithelial cells 8 ' 1 . The luminal cells secrete 
components of prostatic fluid, express the androgen receptor and secrete prostate- 
specific antigen (PSA) in an androgen-dependent manner. The stroma is composed of 
fibroblasts, smooth muscle cells, endothelial cells, dendritic cells, nerves and some 
infiltrating cells, such as mast cells and lymphocytes. Some stromal cells are androgen 
responsive and produce growth factors that act in a paracrine fashion on the 
epithelial cells. This stromal-epithelial crosstalk is an important regulator of the 
growth, development and hormonal responses of the prostate 9 ,94 . The well-organized 
secretory glandular structure (left) in the normal prostate, accentuated here by 
i m m unostai ni ng for E-cadheri n, becomes disrupted in invasive prostate cancer 
(right). (Images courtesy of John McNeal, Stanford University Medical Center, 
Stanford, California, USA.); 



can bind. The co- activators allow interaction of the 
AR complex with the general transcription apparatus to 
stimulate or inhibit target gene transcription 8 (fig. i). 
Many AR target genes have been identified 3 , and addi- 
tional ones are being discovered using cDNA microar- 
ray technology 9 . 

Mechanisms of AIPC development 

What triggers the development of AIPC in the first 
place? Genetic modification is a crucial factor for 
tumour progression, and the development of AIPC is 
no exception 10 . But cells have powerful mechanisms 
that normally guard the genome from mutations. It is 
possible that, like many other cancers, prostate 
tumours initially select for genetic changes that 
increase the likelihood of subsequent mutations 10 . 
One hint that this process might be important in 
some prostate cancers comes from research on the 
phase II detoxification enzyme glutathione S -trans- 
ferase jt. This gene is expressed in normal prostatic 
epithelium. Here, it catalyses the intracellular detoxifi- 
cation of electrophilic compounds, including some 
carcinogens, but it is not expressed in more than 90% 
of prostate cancers owing to methylation of its pro- 
moter in a cancer- specific fashion 11 . This is thought to 
be one of the earliest and most common genomic 
alterations observed in sporadic prostate cancer. A 
general increase in the mutation rate would then 
increase the likelihood of a cell developing ensuing 
mutations ('multiple hits') that allow the prostate 
cancer cell to grow independently of androgen 12 ' 13 . 
Although the necessity of a primary hit is an intrigu- 
ing possibility, further research is needed to evaluate 
whether it truly is a prerequisite for the mutations 
that lead to the development of AIPC. 

When in the evolution of advanced prostate cancer 
do the mutations occur that lead to AIPC? An early 
study led Cher et alP to suggest that "untreated 
metastatic tumours contain the bulk of chromosomal 
alterations necessary for recurrence to occur during 
androgen deprivation", which indicated that muta- 
tions might be an early event that is independent of 
the selective pressure of androgen blockade 23 . 
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Figure 1 | Androgen action. Testosterone circulates in the blood bound to albumin (not 
shown) and sex-hormone-binding globulin (SHBG), and exchanges with free testosterone. 
Free testosterone enters prostate cells and is converted to dihydrotestosterone (DHT) by the 
enzyme 5a-reductase. Binding of DHT to the androgen receptor (AR) induces dissociation 
from heat-shock proteins (HSPs) and receptor phosphorylation. The AR dimerizes and can 
bind to androgen-response elements in the promoter regions of target genes 6 . 
Co-activators (such as ARA70) and corepressors (not shown) also bind the AR complex, 
facilitating or preventing, respectively, its interaction with the general transcription apparatus 
(GTA). Activation (or repression) of target genes leads to biological responses including growth, 
survival and the production of prostate-specific antigen (PSA). Potential transcription- 
independent actions of androgens are not shown. 



ANDROGEN RESPONSE 
ELEMENT 

(ARE) . Site composed of 
hexanucleotide repeats and a 
spacer, usually in the promoter 
regions of target genes, that 
contains the androgen receptor 
zinc-finger-binding region. 

GENERAL TRANSCRIPTION 
APPARATUS 

(GTA). A complex of proteins 
with the potential to facilitate 
transcription of genes. In vivo 
specificity of gene transcription 
by the GTA is regulated by 
interacting transcription 
factors. 



However, many studies have found only a few AR 
mutations in primary prostate cancer 14 ; in compari- 
son, metatastic prostate cancer frequently has muta- 
tions in the AR — possibly with a frequency as high as 
50% (refs 14-18). Mutations also might be common in 
other crucial pathways 10 . Recent investigations there- 
fore support the theory that androgen ablation thera- 
py provides selective pressure to target the androgen 
signalling pathway 16,1 8-20 . For example, therapy with 
the an ti- androgen iTutamide might select for mutant 
ARs in which flutamide acts as an agonist rather than 
an antagonist 18 . Even in the TRAMP (transgenic ade- 
nocarcinoma of mouse prostate) model of prostate 
cancer, in which SV40 large T antigen is overexpressed 
in the prostate luminal epithelial cells, mutations in 
the AR frequently develop, and different types of 
mutation are found in castrated versus intact mice 21 ' 22 . 
So, the timing of the development of mutations that 
cause AIPC remains uncertain. Intermittent androgen 
ablation is considered a possible means of delaying 



the development of AIPC 24 . If treatment provides 
selective pressure for mutations that cause AIPC, 
intermittent treatment might reduce or delay the ten- 
dency towards development of mutant cells that 
become androgen independent. This important issue 
warrants further study. 

The specific types of mutation that lead to AIPC 
will be discussed in the subsequent sections. We have 
categorized five potential mechanisms by which AIPC 
can develop (TABLE i; fig. 2). Some of these mecha- 
nisms also apply to other forms of steroid- hormone- 
independent cancer, such as breast cancer (BOX 3). 

Type 1 : the hypersensitive pathway 

One possible mechanism by which a prostate cancer cir- 
cumvents the effects of androgen ablation therapy is by 
increasing its sensitivity to very low levels of androgens. 
Prostate cancers that use this mechanism are not, strictly 
speaking, androgen independent — their responses still 
depend on AR and androgen — but they have a lowered 
threshold for androgens. 

AR amplification. There are several potential mecha- 
nisms that would allow increased tumour- cell prolif- 
eration, despite low circulating androgens in the 
patient. One mechanism to accomplish this is by 
increasing the expression of the AR itself. Increased 
AR abundance leads to enhanced ligand-occupied 
receptor content, even in the face of reduced androgen 
concentration. Approximately 30% of tumours that 
become androgen independent after ablation therapy 
have amplified the AR gene, resulting in increased AR 
expression, whereas none of the primary tumours 
from the same patients before androgen ablation had 
an AR gene amplification 15,25 . These results indicate 
that amplification was probably the result of clonal 
selection of cells that could proliferate, despite very 
low levels of circulating androgens. Interestingly, 
patients with tumours that had AR amplification sur- 
vived longer than patients with tumours that were 
refractory to ablation therapy but did not have ampli- 
fication of the AR gene 15 . One possible explanation is 
that these amplified tumours are more differentiated 
than other prostate cancers, perhaps allowing the 
patients to have a better outcome. 

Although tumours with AR amplification have 
increased levels of AR, the signal to proliferate presum- 
ably continues to require androgen 15 ' 25 . This is an exam- 
ple of how tumours that seem clinically to be androgen 
independent could simply have increased their sensitivi- 
ty to androgens so that they continue to proliferate in a 
low androgen environment. AR gene amplification that 
is detected in tumours that are progressing during 
androgen deprivation monotherapy with gonadotropin- 
releasing hormone (GnRH) analogues (BOX l) might be 
associated with a favourable treatment response to sec- 
ond-line combined total androgen ablation with added 
anti- androgens 26 . This finding indicates that at least 
some AR- amplified tumours retain a high degree of 
dependency on residual androgens that remain in serum 
after monotherapy 26 . 
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Table 1 | Mechanisms of development of AIPC 

Type Pathway Ligand dependence AR dependence 

1 Hypersensitive AR Androgen dependent AR dependent 



Promiscuous AR Pseudo-androgens 

Androgen antagonists 
Corticosteroids 
Coregulator mutations 



Outlaw AR 



Bypass AR 



Lurker cells 



Androgen independent 
Ligand independent 



Dependent on a mutant AR 
in LNCaP cells and AR ccr cells 



AR dependent 



Androgen independent AR independent 



Androgen independent AR independent 



Mechanism 

Amplified AR 
Sensitive AR 
Increased DHT 

Widened AR specificity 
Illicit stimulation by 
non-androgens 
'Flutamide withdrawal' 
(antagonists acting as 
agonists) 

Mutant PTEN 
Amplified HER-2/neu 
Activated PI3K 
Activated MAPK 
Mutant coregulators 

Parallel or alternative 
survival pathways: 

• Overexpression of 
BCL2 

• Activation of other 
oncogenes 

• Inactivation of tumour 
suppressor genes 

Malignant epithelial 
stem cells 



AR, androgen receptor; AR ccr , Cortisol and cortisone responsive, AR; DHT, dihydrotestosterone; MAPK, mitogen-activated protein 
kinase; PI3K, phosphatidylinositol 3-kinase. 



LNCaP CELLS 

A widely studied metastatic 
prostate cancer cell line that is 
androgen responsive. 



Increased AR sensitivity. A second hypersensitive mech- 
anism for tumour progression was found in animal 
models of the transition from androgen-dependent 
prostate cancer to apparent AIPC 27 . This pathway results 
in high-level expression of the AR, increased stability, 
and enhanced nuclear localization of AR in recurrent 
tumour cells. The tumour cells were also hypersensitive 
to the growth-promoting effects of DHT: the concen- 
tration of DHT required for growth stimulation in these 
AIPC cells was four orders of magnitude lower than that 
required for androgen-dependent LNCaP cells. These 
results indicate that the AR is transcriptionally active in 
some models of recurrent prostate cancer and can 
increase cell proliferation at the low circulating levels of 
androgen reported in castrated men 27 . 

Of course, it is also possible that some tumours 
that contain increased or amplified AR are not mere- 
ly susceptible to low circulating androgens, but also 
have constitutive AR activation as described below 
(see outlaw receptors). Alternatively, tumours might 
also have amplified levels of co- activators 28 , which 
could facilitate the induction of AR transactivation 
either by less active adrenal androgens or by lower 
levels of androgens. 

Increased androgen levels. A third hypersensitive mecha- 
nism to circumvent androgen ablation therapy is by 
increasing the local production of androgens, to compen- 
sate for the overall decline in circulating testosterone. 
Prostate cells could increase the rate of conversion of 
testosterone to the more potent hormone DHT by 
increasing 5a-reductase activity. This would facilitate 
continued AR signalling even with significantly lower lev- 
els of serum testosterone. In support of this mechanism is 
the finding that, after androgen ablation therapy, serum 



testosterone levels decrease by 95%, but the concentra- 
tion of DHT in prostate tissue is reduced by only 60% 
(REF. 29). Also, epidemiological studies have shown that 
certain ethnic groups who have higher levels of 
5a-reductase activity have a higher incidence of prostate 
cancer 30 . Although the frequency of prostate cancer foci is 
similar in men from different ethnic groups, the propor- 
tion who develop* clinically apparent cancer is higher in 
men of African descent than in Caucasians or men of 
Asian descent 10 . Men of African descent, who have a par- 
ticularly high rate of prostate cancer, show the highest 
incidence of a polymorphism in the gene for 5a-reduc- 
tase. This polymorphism substitutes a valine at codon 89 
with a leucine ( V89L), and results in significantly higher 
5a-reductase enzyme activity. Men of Asian descent, who 
are at low risk for prostate cancer, have a low incidence of 
this polymorphism; men of Central- and South- 
American descent have both an intermediate incidence of 
the polymorphism and an intermediate risk 30 . In addition 
to genetic predisposition, it is also possible that, by selec- 
tion during therapy, tumour cells either acquire muta- 
tions in the gene for 5 a- reductase or select for increased 
expression of the enzyme. However, to our knowledge 
this has not yet been shown to occur in prostate cancer. 

Recognition that patients can fail hormone ablation 
therapy even when very low serum levels of androgens 
are achieved led to the hypothesis that peripheral con- 
version of adrenal steroids to potent androgens could 
be sufficient to sustain the androgen signal, causing 
tumour growth and failure of androgen ablation thera- 
py 31 . This hypothesis resulted in clinical trials using 
total androgen ablation (also called maximum andro- 
gen blockade) (box i) to block residual androgen action 
at the AR 31 . However, so far, this therapy does not seem 
to provide any survival advantage 32-34 . 
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a Hypersensitive b Promiscuous c Outlaw 

Growth factors 





e Lurker cell 



Figure 2 | Five possible pathways to androgen independence, a | In the hypersensitive pathway, more androgen receptor 
(AR) is produced (usually by gene amplification), or AR has enhanced sensitivity (not shown) to compensate for low levels of 
androgen, or more testosterone is converted to the more potent androgen, dihydrotestosterone (DHT), by 5a-reductase. 
b | In the promiscuous pathway, the specificity of the AR is broadened so that it can be activated by non-androgenic molecules 
normally present in the circulation, c | In the outlaw pathway, receptor tyrosine kinases (RTKs) are activated, and the AR is 
phosphorylated by either the AKT (protein kinase B) or the mitogen-activated protein kinase (MAPK) pathway, producing a 
ligand-independent AR. d | In the bypass pathway, parallel survival pathways, such as that involving the anti-apoptotic protein 
BCL2 (B-cell lymphoma 2), obviate the need for AR or its ligand. Finally, e | in the lurker cell pathway, androgen-independent 
cancer cells that are present all the time in the prostate — possibly epithelial stem cells — might be selected for by therapy. 



Type 2: the promiscuous pathway 

Most AIPCs express the AR protein. Whereas some of 
these tumours, at least initially, have adapted to the low- 
androgen environment, others acquire mutations that 
allow them to circumvent the normal growth regulation 
by androgens. It seems that many cases of AIPC do not 
develop from a loss of androgen signalling, but rather 
from the acquisition of genetic changes that lead to 
aberrant activation of the androgen signalling axis 21 . 
These changes are usually missense mutations in the AR 
gene that decrease the specificity of ligand binding and 
allow inappropriate activation by various non- androgen 
steroids and androgen antagonists. 

AR mutations. The AR gene is located on the X chro- 
mosome and is not necessary for survival, so germ- line 
loss- of- function mutations in the AR, resulting in the 
androgen-insensitivity syndrome, are frequent 5 . The 



incidence of somatic AR mutations within prostate can- 
cer cells is unclear owing to contradictory reports 14 . This 
is probably due to cellular heterogeneity within 
tumours, differences in the methodology for detecting 
mutations, and variations in the stage of tumours exam- 
ined. Recent results, however, indicate that there is an 
increased incidence of somatic AR mutations in 
metastatic samples 14 , confirming the earlier data of 
Taplin et at 16 . Microdissection of tumours and laser 
capture techniques 35 will probably resolve this contro- 
versy, and this method should be considered in all 
future studies of AR mutations in metastatic specimens. 
On balance, it seems likely that the frequency of muta- 
tions in the AR is significantly increased in tumours 
after androgen ablation therapy, whereas most studies 
have reported few AR mutations in primary tumour 
samples collected before therapy 14,16,17 . This indicates 
that acquisition of mutations in the AR is likely to be 
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Box 3 | Shared features of breast and prostate cancer 

The study of how androgen- independent prostate cancer (AIPC) develops raises 
interesting basic scientific questions about cancer biology, and there are many parallels 
with the development of steroid hormone independence in other tumours. The cancer 
that has provided the most insight into AIPC is breast cancer. Most important is the 
hormone-dependent nature of these cancers, leading to an interplay between the cancer 
cell and the endocrine system. In both types of cancer, this crosstalk has resulted in the 
use of endocrine modulators for therapy. Unfortunately, both cancers can progress to 
hormone-independent disease. As with prostate cancer cells and androgen receptors, 
breast cancer cells that express oestrogen receptors are dependent on oestrogens to 
promote proliferation and inhibit apoptosis. Effective breast cancer therapy in these 
tumours includes blocking the oestrogen receptor pathway using oestrogen antagonists 
(anti-oestrogens). The two anti-oestrogens in general use — tamoxifen and raloxifene 
— both have differential agonist and antagonist activity in various organs and are 
therefore called selective oestrogen receptor modulators (SERMs) 95 . A subset of patients 
treated with anti-oestrogens or SERMs will initially respond, but might later recur with 
oestrogen- independent tumours. 

one mechanism for the development of AIPC. It seems 
reasonable that gain-of-function mutations that lead to 
a growth advantage by the tumour would be selected 
for. It is interesting that the loss-of-function mutations 
in the androgen- insensitivity syndrome are at different 
positions within the AR than the gain-of-function 
mutations found in prostate cancer 21 . 

Although only a few mutations in the AR have been 
studied in detail, a mechanism for the development of 
AIPC has emerged from these studies. In cells with these 
AR mutations, the androgen signal is maintained by 
broadening the number of ligands that can bind to and 
activate the receptor. Normally, the AR is specifically 
activated by testosterone and DHT, but mutations in the 
ligand-binding domain widen this stringent specificity. 
As a result, the malignant cells can continue to prolifer- 
ate and avoid apoptosis by using other circulating 
steroid hormones as substitute androgens when the 
level of androgens is low. 

The first AR mutation of this type was discovered in 
LNCaP cells 36 . LNCaP cells express high levels of AR, 
and androgens stimulate them to grow and express 
prostate -specific antigen (PSA) — a widely used and clin- 
ically important marker for prostate cancer cells. 
However, owing to a mutation in the AR, other steroid 
hormones, as well as the androgen antagonist flutamide, 
activate the AR and stimulate proliferation. Sequencing 
of the AR gene from LNCaP cells revealed a missense 
mutation in amino acid 877, which is located in the lig- 
and-binding domain. This mutation results in the sub- 
stitution of alanine for threonine at position 877 
(T877A) 36 (fig. 3). Molecular studies showed that hor- 
mones such as progestins, oestrogens and anti-andro- 
gens illicitly bind to this mutant AR and act as 
agonists 36 . During androgen ablation therapy, it is likely 
that this mutation undergoes clonal selection, confer- 
ring a growth advantage to cells that harbour the muta- 
tion 18 . Gaddipati et al. 37 examined 24 tumour samples 
from patients with metastatic prostate cancer and found 
the T877A mutation in six of the samples (25%), indi- 
cating that the mutation is relatively common in 
patients with AIPC. Promiscuous AR activators include 
adrenal androgens and metabolic products of DHT 19,38 . 



PROSTATE-SPECIFIC ANTIGEN 
(PSA). A serine protease in the 
kallikrein gene family that is 
secreted into seminal fluid by 
prostatic epithelial cells and 
found in the serum. As it is 
almost exclusively a product of 
prostate cells, measurement in 
blood has proved to be 
exceptionally useful as a 
tumour marker for diagnosis of 
prostate cancer and monitoring 
the effectiveness of treatment. 



The promiscuous receptor mechanism can also 
explain the clinically observed phenomenon of 'flu- 
tamide withdrawal syndrome', in which patients show 
clinical worsening with flutamide, but then improve 
when flutamide is withdrawn 39 . Flutamide is an effec- 
tive antagonist of the wild-type AR and so is used in 
androgen ablation therapy (BOX l), but some patients 
treated with this anti- androgen experience a rapidly 
rising PSA level. This seems to be due to selection of AR 
mutations that yield a promiscuous receptor. In a series 
of bone marrow metastases, T877A mutations were 
found in 5 out of 16 patients who received combined 
androgen blockade with flutamide 18 . Cells harbouring 
these mutant ARs were strongly stimulated to grow by 
flutamide, whereas patients not treated with flutamide 
had different mutations that were not stimulated to 
grow by flutamide. These findings indicate that AR 
mutations occur in response to strong selective pres- 
sure from flutamide treatment 18 . In patients harbour- 
ing such tumours, discontinuing flutamide results in 
initial tumour regression before growth eventually 
resumes. On a molecular level, the T877A mutation 
changes the AR response to flutamide from an antago- 
nist to an agonist. Interestingly, the T877 A mutant AR 
does not have the same response to other anti- andro- 
gens such as bicalutamide (casodex). Many other 
mutations in the AR have been identified 40 and are cat- 
alogued in the Androgen Receptor Gene Mutations 
Database. It is unclear how many other mutations use 
the same promiscuous receptor mechanism and allow 
prostate cancer ceils to become androgen independent. 

Crystallo graphic studies of the ligand-binding 
domain of the wild-type AR 41 and the T877A mutant 
AR 42 have recently revealed that substituting alanine for 
threonine in the ligand-binding pocket explains the 
ability of the mutant AR to accommodate progesterone 
and other ligands that the wild- type receptor cannot. 
Similarly, the CWR22 tumour cell line has an H874Y 
mutation (substituting tyrosine for histidine) that influ- 
ences binding of co- activator proteins by affecting the 
conformation of helix 12 (REE 43). 

The MDA PCa 2a and 2b cell lines, established 
from a bone metastasis in a patient who had recur- 
rent metastatic disease that developed after orchiec- 
tomy 44 , also harbour promiscuous ARs 45,46 . Like 
LNCaP cells, MDA PCa 2a and 2b cells express the 
AR, and androgen stimulates PSA expression and cell 
growth. However, the AR has reduced affinity for 
androgens, and MDA cells are less sensitive to andro- 
gens than LNCaP cells 46 . We identified two distinct 
missense mutations in the AR ligand-binding 
domain 46 . Double mutations in the AR have been 
reported previously 40 , but never both in the ligand- 
binding domain. This mutated AR had the T877A 
mutation, as well as a previously identified 47 leucine- 
to-histidine substitution at amino acid 701 
(L701H) 46 . We reasoned that these two mutations in 
the ligand-binding domain were likely to change the 
specificity of ligand binding to the AR (FIG. 3). In fact, 
the L701H mutation alone decreases the ability of AR 
to bind and respond to DHT 45 . However, the L701H 
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pl60 CO-ACTIVATORS 
pl60 co-activators are a family 
of ~ 160-kDa proteins that act 
as co -activators of nuclear 
receptors. SRC1 and TIF2 are 
members of this family. 



mutation also enhances the binding of other adrenal 
corticosteroids, particularly the glucocorticoids Corti- 
sol and cortisone. The T877A mutation has a syner- 
gistic effect by increasing the affinity of the AR for 
glucocorticoids by 300% more than the L701H muta- 
tion alone 45 . In this doubly mutated AR, Cortisol and 
cortisone function as AR agonists (hence this mutant 
is named AR ccr , for Cortisol and cortisone responsive), 
and illicit binding leads to the induction of Aft- 
responsive genes such as PSA (FIG. 3). So, in cells with 
the AR ccr mutation, glucocorticoids can substitute for 
androgens and promote androgen-independent 
growth 45 . Because of the high affinity of glucocorti- 
coids for the AR ccr , it is likely that physiological levels 
of circulating Cortisol and cortisone would be suffi- 
cient to promote tumour growth in patients with this 
double mutation. The frequency of this mutation in 
prostate cancer patients is unknown but the L701H 
mutation, which is sufficient to render the AR 
responsive to corticosteroids, has been reported three 
times 45 . Obviously, this type of patient should not be 
treated with hydrocortisone. However, some synthet- 
ic glucocorticoids have low affinity for the AR ccr and 
might be useful therapeutically to suppress endoge- 
nous corticosteroids 45 . This hypothesis will require 
further investigation. 

Recently, spontaneously occurring AR mutations 
have been found in the TRAMP transgenic model of 
prostate cancer 21,22,48 . These differ depending on 
whether the mice have been castrated. The mutations 
cluster in three regions of the AR: the highly con- 
served signature loop in all nuclear receptors; the 
region flanking the site where pieo co-activators bind; 
and the boundary between the hinge and the ligand- 
binding domain. Consistent with the AR mutations 
described above, many of the AR mutations found in 
clinical cancer cases result in decreased specificity of 
ligand binding and inappropriate receptor activation 
by non- androgens, yielding a promiscuous AR phe- 
notype 21 . But not all AIPCs with apparently promis- 
cuous ARs harbour mutations in the AR. This has 
been shown by selecting for AIPC cells in castrated 
immunodeficient mice 49 . In another example, the 
LNCaP cell line was continuously selected for by 
growth in androgen- depleted medium over many 
passages, and a variant cell line emerged 50 . This cell 
line — called LNCaP-abl — had a fourfold higher 
expression of AR and a 30- fold increase in basal AR 
transcriptional activity compared with the parental 
LNCaP line. In the LNCaP-abl cell line, casodex — 
which functions as an AR antagonist in the parental 
cell line — functions as an agonist 50 . But despite these 
changes, the AR in LNCaP-abl cells was not amplified 
and had only the parental LNCaP T877A mutation. 
Clearly, a mechanism other than mutations in the AR 
is promoting tumour progression. In these examples 
of experimental selection for AIPC cells, both in cas- 
trated mice and in cultured cells, one possibility is that 
co -regulatory molecules that interact with and either 
enhance or repress the AR signal might be responsible 
for the increase in AR responsiveness 50 . 
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Figure 3 | The promiscuous androgen receptor. 

a | Mutations that broaden the specificity of the androgen 
receptor (AR): in the wild-type receptor, testosterone (T) and 
dihydrotestosterone (DHT) are agonists, whereas flutamide is 
an antagonist. The T877A mutant is activated by various 
non-androgenic steroid hormones, and flutamide also 
behaves as an agonist. The L701 H mutant has reduced 
affinity for DHT and binds corticosteroids, but when the 
T877A and L701 H mutations are combined, the resulting 
receptor (AR ccr ) has high affinity for corticosteroids, 
b | Models of the ligand-binding sites from the wild-type AR 
(left) and AR ccr (right) with DHT bound, showing the extra 
space generated by the mutation of residues 701 and 887. 
Residues 701 and 877 are shown as space-filling models 
(carbon, white; nitrogen, blue; oxygen, red), and DHT is 
shown as a ball-and-stick model. A hydrogen bond can form 
between DHT and T877, but not between DHT and A877. 
(Images courtesy of Stanley R. Krystek and John Sack, 
Bristol-Myers Squibb, Princeton, New Jersey, USA.) 

Co-regulator alterations. Several proteins act together 
with steroid hormone receptors as co- activators and 
corepressors of transcription 8 . A recent report of a case 
of androgen-insensitivity syndrome implicated an 
abnormal co- activator as the defect in androgen action, 
as the AR did not have a mutation 51 . Modulation of 
these co-regulatory proteins and their function is likely 
to be another mechanism by which prostate cancer pro- 
gresses to AIPC. Breast and ovarian tumours — which 
can also progress from steroid hormone dependence to 
independence (BOX 3) — can use this mechanism. For 
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example, a member of the steroid receptor co- activator 
1 (SRC I) family of nuclear receptor co- activators, AT 351, 
is amplified in some breast and ovarian tumours 52 . This 
protein interacts with the oestrogen receptor (ER) and 
enhances the transcription of oestrogen- regulated 
genes 52 . SRC1 family members seem to function in a rel- 
atively large number of tissue types, whereas a co- activa- 
tor, ARA70, is said to be specific for androgen- respon- 
sive genes 53 , although divergent results have been 
reported 54,55 . In the DU145 metastatic prostate cancer 
cell line, cotransfection of AR and ARA70 specifically 
enhanced transcription of androgen- responsive genes 56 . 
ARA70 also facilitates the conversion of several andro- 
gen antagonists to agonists in this cell line 56 . 

Gregory et al recently showed that overexpression of 
two co-activators, TEF2 and SRC1, occurs in some speci- 
mens from recurrent prostate cancers and from prostate 
cancer cell lines. When combined with promiscuous 
ARs that have ligand-binding domain mutations, these 
changes are associated with increased AR activation, 
even at physiological concentrations of adrenal andro- 
gens 28 . The authors believe that most recurrent prostate 
cancers overexpress co- activators, thereby facilitating 
AR transactivation and enhancing responses to low lev- 
els of androgens. This would represent a combination of 
the hypersensitive pathway and the promiscuous path- 
way, and emphasizes the fact that several mechanisms 
can contribute to a single case of AIPC. 

Although overexpression of co-activators is a possible 
mechanism for creating or enhancing promiscuous ARs 
in some tumours, a decrease in corepressor expression is 
equally likely to have similar effects. Again, research on 
breast cancer is a good model for this mechanism. 
Decreased expression of the nuclear receptor co-repres- 
sor (N-CoR) correlates with resistance to tamoxifen (BOX 
3) in patients with breast cancer 57 . Normally, transactiva- 
tion by the ER is blocked by tamoxifen if N-CoR is 
bound to the ER. Without the corepressor function of 
N-CoR, tamoxifen becomes an agonist, leading to activa- 
tion of oestrogen- responsive genes 57 . Although there are, 
at present, no reports of similar events in prostate cancer, 
it is f easible that loss or decrease of AR corepressors 
would create a promiscuous AR by allowing molecules 
that normally do not activate the AR to take on the func- 
tion of agonists. In the case of an androgen- ablated 
patient, corepressor loss might activate the AR signal for 
proliferation in the tumour cells, causing AIPC. 
Conformational changes in the AR, induced by various 
interacting proteins, are probably crucial for regulation of 
these events. Determining the crystal structure of these 
proteins will be vital for increasing our understanding of 
this mechanism of hormone- independent growth, as 
well as for developing effective treatment modalities. 

Type 3: the outlaw pathway 

Steroid hormone receptors that are activated by ligand- 
independent mechanisms have been referred to as out- 
law' receptors 58 . An outlaw ER has been described in 
breast cancer, from which ERs with mutations that are 
capable of either dominant- positive or dominant-negative 
transactivation of oestrogen response elements were 



identified 58 . So far, no mutations in the AR have been 
reported to acquire this type of activity; however, other 
pathways can subvert the AR into becoming an outlaw. 

Growth- factor- activated outlaw pathways. Certain 
growth factors, such as insulin- like growth- factor- 1 (IGF- 
1), keratinocyte growth factor (KGF) and epidermal 
growth factor (EGF), can activate the AR, creating an 
outlaw receptor, and can therefore induce AR target genes 
in the absence of androgen 59 . IGF- 1, the most potent of 
the factors tested, induced a fivefold rise in PSA secretion 
in LNCaP cells 59 . These growth factors are ligands for 
receptor tyrosine kinases and initiate complex intracellu- 
lar signalling cascades. It is unclear, at present, whether 
their effect on the AR pathway is direct or is the result of a 
downstream molecule that is induced in the signalling 
pathway. An intriguing supportive finding is the discov- 
er) 7 that these growth factors seem to be overexpressed in 
some prostate cancers. Significantly, the AR antagonist 
casodex completely blocks activation of the AR by IGF- 1, 
KGF and EGF 59 . This indicates that the AR ligand-bind- 
ing domain is necessary for this outlaw activation. 
Furthermore, the ability of casodex to block IGF- induced 
AR activation makes this mechanism an unlikely expla- 
nation for AIPC in patients who fail casodex therapy. It is 
possible that upregulation of growth factor expression — 
combined with AR mutations — could result in AIPC in 
such patients, but further research is needed to test this 
hypothesis. Nevertheless, these experiments 59 had the 
important impact of highlighting the significance of 
tyrosine kinases in AR signalling and prostate cancer. 

Receptor-tyrosine-kinase-activated outlaw pathways. 

Studies in breast and ovarian cancers have provided 
evidence of a connection between nuclear receptor sig- 
nalling and receptor tyrosine kinases. HER-2/Eieu (also 
known as ERBB2) — a member of the EGF- receptor 
family of receptor tyrosine kinases — is overexpressed 
in 20-30% of breast and ovarian cancers 60 . HER-2/neu 
has intrinsic tyrosine-kinase activity and can activate 
the ER in the absence of oestrogenic ligand. Therefore, 
overexpression of HER-2/neu could lead to oestrogen- 
independent stimulation of ER- mediated signal trans- 
duction pathways. Interestingly, in breast cancer, over- 
expression of HER-2/neu correlates with oestrogen 
independence 61 , probably because HER-2/neu activa- 
tion indirectly leads to phosphorylation and activation 
of the ER in the absence of oestrogen 62 . 
Phosphorylation therefore creates an outlaw ER, 
resulting in the oestrogen- independent growth of 
breast cancer cells 62 . 

The AR can be turned into an outlaw receptor by the 
same mechanism: HER-2/neu is consistently overex- 
pressed in AlPC-cell sublines that are generated from 
xenografts implanted in castrated mice 63 , and androgen- 
dependent cell lines can be converted to androgen-inde- 
pendent cells by overexpressing HER-2/neu. 
Overexpression of HER-2/neu can activate AR- depen- 
dent genes in the absence of AR ligand 63,64 , but not in the 
absence of AR. However, unlike the effect of IGF- 1, the 
outlaw AR created by HER-2/neu overexpression could 
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Figure 4 | How growth factor signal transduction creates outlaw receptors. In the 

tumour cells of a patient receiving androgen ablation therapy, HER-2/neu (and possibly other 
receptor tyrosine kinases) can become overexpressed. HER-2/neu indirectly activates 
mitogen-activated protein kinase (MAPK). MAPK might phosphorylate the androgen receptor 
(AR), creating an androgen-independent 'outlaw' receptor. An alternative means by which 
HER-2/neu (or other pathways) might activate the AR is by activating the AKT (protein kinase B) 
pathway. In this pathway, activation of receptor tyrosine kinases, such as HER-2/neu, increase 
the level of phosphatidylinositol (3,4,5)-trisphosphate (Ptdlns(3,4,5)P 3 ) by activating 
phosphatidylinositol 3-kinase (PI3K). Another pathway might involve inactivation of the lipid 
phosphatase PTEN, so that Ptdlns(3,4,5)P 3 can no longer be converted back to its substrate, 
Ptdlns(4,5)P 2 . AKT is activated by Ptdlns(3,4,5)P 3 , and might be able to produce an outlaw AR 
by phosphorylating it. AKT can also activate parallel survival pathways by phosphorylating and 
inactivating pro-apoptotic molecules such as BAD and procaspase-9. ARE, androgen 
response element; PSA, prostate-specific antigen. 



not be blocked by casodex, indicating that this pathway is 
independent of the AR ligand-binding domain 63 . 

Taken together, these findings indicate that activa- 
tion of HER-2/neu is an important mechanism for the 
progression to hormone-refractory disease in some 
breast and prostate cancers. This led to the therapeutic 
strategy of trying to prevent outlaw receptor formation 
by blocking the HER-2/neu receptor. Trastuzumab 
(Herceptin) — a monoclonal antibody against HER- 
2/neu — was developed as a therapeutic agent to block 
this pathway 65 . In patients with metastatic breast can- 
cers that overexpress HER-2/neu y Herceptin increases 
the clinical benefit of first-line chemotherapeutic 
agents 65 . It also shows a benefit as a first- line agent in 
some patients who have failed other therapies 66 . Might 
Herceptin be of benefit in patients with AIPC? When 



tested in androgen- dependent (CWR22 and LNCaP) 
and androgen-independent (CWR22R) prostate cancer 
xenografts, Herceptin showed some antiproliferative 
activity in the androgen-dependent models but, when 
combined with the chemotherapy drug paclitaxel, it 
showed additive activity in both androgen-dependent 
and androgen-independent model systems 67 . 

Recent research has begun to reveal further details of 
the HER-2/neu signalling cascade in prostate cancer 
cells. Yeh et al and colleagues 64 indicate that HER-2/neu 
could activate the AR through a mitogen-activated pro- 
tein kinase (MAPK) pathway: inhibitors of MAPK 
decreased HER-2/neu-mediated activation of the AR. 
MAPK can phosphorylate the AR in vitro, and leads to 
AR activation in cell lines 64 . From these results, a hypo- 
thetical pathway for the development of AIPC can be 
predicted (FIG. 4). Although there is strong experimental 
evidence for this mechanism, future investigation is 
needed to ascertain whether this is truly a pathogenic 
pathway active in patients who develop AIPC. 

The AKT pathway. Direct analysis of cancer samples has 
led to additional advances in our understanding of 
AIPC. An example of this was the discovery of the 
tumour suppressor gene PTEN, which was identified as 
a hot spot for mutations in glioblastoma, breast and 
prostate cancers 68 , and is frequently, functionally inacti- 
vated in advanced metastatic prostate cancer 69 . PTEN is 
a lipid phosphatase that removes the 3 -phosphate from 
3-phosphorylated inositol lipids, such as phosphatidyl- 
inositol (3,4,5)-trisphosphate 70 . 3-phosphorylated inosi- 
tol lipids are second messengers that activate a protein 
kinase called AKT or protein kinase B (PKB) 71 " 73 (fig. 4). 
The AKT pathway has been suspected of contributing to 
tumorigenesis because of its anti-apoptotic activity. 
AKT phosphorylates and inactivates several proapop- 
totic proteins, including BAD and procaspase-9 (REF.74) 
(fig. 4). So, in normal cells, by blocking the AKT path- 
way, PTEN allows cells to undergo apoptosis, whereas 
tumour cells that have lost PTEN function have 
increased AKT activity that blocks this signal for apop- 
tosis. AKT has also been shown to regulate cell- cycle 
progression through a pathway that ultimately down- 
regulates the cell cycle inhibitor p27 (REE 75). 

Might the AKT pathway be involved in prostate 
tumour progression and the development of AIPC? To 
test this hypothesis, Graff and colleagues 76 established 
androgen-independent cell lines (LNAI) from 
xenografts of LNCaP cells that grew in castrated mice. 
They found increased AKT activity in the androgen- 
independent LNAI cell line compared with the parental 
androgen-dependent LNCaP cells. They also found that 
overexpressing AKT in LNCaP xenograft tumours 
accelerated tumour growth and downregulated the 
expression of p27 in these cells 76 . However, the aetiologi- 
cal role of AKT remains to be confirmed. 

AKT might also be an alternative way by which 
HER-2/neu leads to outlaw AR activation 77 ' 78 (fig. 4), 
as HER-2/neu can activate the phosphatidylinositol 
3-kinase (PI3K)/AKT pathway 78 . AKT that has been 
activated by HER-2/neu signalling phosphorylates the 
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AR at serine (Ser) 213 and Ser791 (REE 77), turning it 
into an androgen-independent outlaw receptor. 
Furthermore, this HER-2/neu-mediated activation of 
the AR could be blocked by expressing a dominant- 
negative AKT 77 . The relationship between these 
results and the activation of AR by the MAPK path- 
way are at present unclear, and whether this pathway 
is involved in AIPC development remains to be deter- 
mined. However, HER-2/neu expression seems to 
increase with progression to AIPC 79 , so no matter 
which of these kinases is responsible for the effect, 
therapeutic targeting of HER-2/neu in some cases of 
prostate cancer might be warranted. Recent investiga- 
tion indicates that the AKT pathway might also be 
important in the development of tamoxifen- resistant 
breast cancer 80 . 

Type 4: the bypass pathway 

The mechanisms discussed so far require the presence 
of the AR and its signalling cascade for the development 
of AIPC. However, it is also possible that complemen- 
tary or alternative pathways can be invoked that are 
capable of bypassing the AR completely. As previously 
discussed, AR activation stimulates androgen- depen- 
dent cancer cells to proliferate, and depletion of andro- 
gens results in apoptosis. An effective bypass of the 
androgen signalling cascade would facilitate prolifera- 
tion and inhibit apoptosis, even in the absence of andro- 
gens and AR. When crucial survival pathways are target- 
ed by therapy, there might be selection for mutations 
that upregulate parallel pathways that can provide a 
substitute survival signal. In the case of prostate cancer 
patients being treated with androgen ablation, blocking 
the apoptosis signal would be one such pathway for 
tumour cell survival. 

The BCL2 gene is an obvious bypass candidate gene 
that can block apoptosis. BCL2 is not normally 
expressed in the secretory epithelial cells of the 
prostate 81 . But BCL2 is frequently expressed in pre- 
malignant prostatic intraepithelial neoplasia (PIN), as 
well as in AIPC 82 . Furthermore, Liu et alP detected the 
emergence of BCL2 expression in tumours that initially 
did not express it, by selecting for growth of prostate 
cancer xenografts in castrated mice. Blocking BCL2 
with antisense oligonucleotides delayed the emergence 
of AIPC in a LNCaP xenograft model 84 . Upregulation of 
BCL2, then, could bypass the signal for apoptosis that is 
normally generated by androgen ablation. In support of 
this mechanism, many cases of AIPC, both in humans 
and in rodent models, have been found to overexpress 
BCL2 (KEFS 82,85). However, overexpression of BCL2 is 
not essential for the formation of AIPC 85 — presumably 
because other bypass pathways or one of the other four 
mechanisms (table i) can substitute. 

Further studies are needed to understand the exact 
mechanism by which these bypass pathways interact 
with AR signalling. It remains possible that the path- 
ways directly intersect at a junction yet to be elucidated. 
Many other oncogenes and tumour suppressor genes, 
in addition to BCL2> could have a similar bypass role in 
the development of AIPC 10 , but discussing each of 



these genes is beyond the scope of this review. It seems 
likely that androgen ablation therapy would provide 
the selective pressure needed for some tumours to 
adapt to and escape from the effect of therapy by 
invoking any of these bypass mechanisms. 

Type 5: the lurker cell pathway 

Androgen ablation fails because cells that are not 
dependent on androgen for growth take over and the 
tumour grows in an androgen-independent fashion. 
As this review has highlighted, there could be several 
mechanisms by which a cell can become androgen 
independent and so lead to failure of androgen abla- 
tion therapy. However, John Isaacs has postulated 86 
that androgen ablation therapy might fail, and AIPC 
eventually develop, because a subpopulation of 
androgen-independent tumour cells was present 
even before therapy was initiated. The putative 
epithelial stem cells among the basal cells of the 
prostate are believed to be androgen independent: 
their rates of proliferation and death are not affected 
by androgen ablation 3 . According to this model 86 , if 
the epithelial stem cell transformed and became the 
origin of a prostate cancer, the following events 
would occur: first, in the presence of androgens, most 
of the epithelial stem cell progeny would differentiate 
into androgen- dependent epithelial cancer cells that 
would comprise most of the tumour; second, after 
androgen ablation, the androgen-dependent cells 
would be eliminated but the androgen-independent 
malignant epithelial stem cells, which have been lurk- 
ing in the background all along, would remain viable; 
and third, these malignant epithelial stem cells would 
continue to proliferate and ultimately result in the 
relapse of the disease as AIPC. It is tantalizing to con- 
sider that prostate tumours resist apoptosis and pro- 
liferate by adopting features of normal prostatic 
stem/progenitor cells, and that basal cells — the puta- 
tive stem/progenitor cells of the prostate — are 
androgen independent, just like most advanced 
prostate cancers 87 . Craft et al. 20 provide evidence to 
support this hypothesis. They showed that the latter 
stage of androgen independence results from clonal 
expansion of androgen-independent cells that are 
present at a frequency of about 1 per 10 5 -10 6 andro- 
gen-dependent cells. They conclude that prostate 
cancers contain heterogeneous mixtures of cells that 
vary in their dependence on androgen for growth 
and survival, and that treatment with anti- androgen 
therapy provides selective pressure that alters the 
relative frequency of these cells, thereby leading to 
outgrowths of androgen-independent cancers. 

This hypothesis draws parallels with certain types 
of human leukaemia that relapse, despite effective 
therapy that had reduced the malignant cells to unde- 
tectable levels. This might occur because stem cells 
that are resistant to chemotherapy, lurking in the bone 
marrow, regenerate the malignant population 88 ' 89 . The 
potential for a transformed prostate epithelial stem 
cell to produce androgen-dependent progeny needs 
further investigation. 
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Concluding remarks 

The study of the pathways by which AIPC develops 
has led to a fascinating overlap between the fields of 
endocrinology and oncology. The pathways show 
how malignant cells can hijack the endocrine system 
and develop alternative signalling pathways to subvert 
therapeutic attempts to control cell growth by andro- 
gen ablation. We do not believe that these five mecha- 
nisms exhaust the possibilities and, no doubt, further 
studies will reveal additional pathways. It is also possi- 
ble, if not likely, that a single cancer uses several 
mechanisms either initially or in a multistep progres- 
sion to AIPC. As prostate cancers use various schemes 
to subvert normal restraint on cell growth, successful 
therapy will require an individualistic approach based 
on the type of AIPC present. Effective therapy of 



AIPC will require that each patient's cancer be 
analysed so that a specific targeted therapy can be ini- 
tiated 90 . To be successful, therapeutic measures will 
need to rescue the cells from the AIPC mechanism 
and restore normal growth regulation, or at least 
block the abnormal stimulation driving cell growth. 
Such approaches are already being developed 91 , as 
exemplified by the use of Herceptin to treat breast 
and prostate cancers in which HER-2/neu hyperactiv- 
ity is the cause of hormone independence 65 . By 
understanding the mechanisms exploited by the can- 
cers, new therapeutic targets are being recognized 92 . 
We anticipate that fresh diagnostic measures and 
additional therapeutic options targeted at the specific 
defect will soon be added to our armamentarium in 
our efforts to thwart unregulated cancer cell growth. 
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Phospholipase A2 (FLA2) enzymes release arachi- 
donic acid from cellular phospholipids in a variety of 
mammalian tissues , including prostate. Group Ha se- 
cretory PIA2 (sPLA2) can generate arachidonate from 
cellular phospholipids. We examined the group Ha 
sPLA2 expression in benign prostatic tissues, pros- 
tatic intraepithelial neoplasia (PIN), and adenocarci- 
noma to determine whether sPIA2 expression is al- 
tered in the carcinogenesis of human prostatic 
cancer. Thirty-three of 74 total cases (45%) of benign 
prostatic tissue showed positive immunohistochemi- 
cal staining for group IIA sPIA2, whereas 63 of 69 
total cases (91%) of high-grade PINs and 70 of 78 total 
cases (90%) of adenocarcinomas gave positive results. 
Four of 10 cases of low-grade PIN showed positive 
immunoreactivity for sPIA2. The number of cells 
staining for sPLA2 was significantly less in benign 
epithelium (4%) and low-grade PIN (4%) compared to 
high-grade PIN (40%) or adenocarcinoma (38%) (P < 
0.001). There was no significant difference between 
high-grade PIN and adenocarcinoma in the number of 
cells staining positively for sPIA2. The intensity of 
sPIA2 immunoreactivity was also different among be- 
nign prostatic tissue , low-grade PIN , high-grade PIN , 
and prostatic adenocarcinoma specimens. The malig- 
nant cells demonstrated more intense immunohis to- 
chemical staining (moderate to strong staining in 81% 
and 69% cases for high-grade PIN and adenocarci- 
noma, respectively) than benign glands (moderate 
staining in 11% of cases). No strong staining was 
observed in benign glands or low-grade PIN. Our data 
are consistent with the contention that group IIA 
sPLA2 expression is elevated in neoplastic prostatic 
tissue and support the hypothesis that dysregulation 



of sPLA2 may play a role in prostatic carcinogenesis. 
(Am J Pathol 2002, 160:667-671 ) 

In mammalian cells, phospholipases A2 (PLA2s) are en- 
zymes that release free fatty acids through catalysis of 
membrane phospholipids at the Sn-2 position. The result- 
ing product, arachidonic acid, is metabolized to produce 
prostaglandins and leukotrienes that mediate a diverse 
array of biological activities including inflammation, mito- 
genesis, and tumor cell invasion. Several reports have 
implicated arachidonic acid and its metabolites as fac- 
tors regulating cellular proliferation and apoptosis. 1-3 Ar- 
achidonic acid has also been implicated in the pathway 
of tumor necrosis factor- and Fas-induced apoptosis in 
various cell lines. 4 " 6 

Several types of PLA2s have been identified. 7 ' 8 Seven 
low molecular weight (14 kd) sPLA2s (including group IB, 
IIA, IID, HE, III, V, and X) are known to be present in both 
the intracellular compartment and extracellular milieu. 
The 40-kd form is a calcium-independent enzyme, which 
is referred to as iPLA2. Cytosolic PLA2 (cPLA2) is a high 
molecular weight (85 kd) form found predominantly within 
the cytosol of cells. cPLA2 activity is regulated by intra- 
cellular Ca 2+ concentrations 8,9 and shows characteristic 
preference for hydrolyzing arachidonic acid at the sn-2 
position. In contrast, sPLA2s have a broad substrate 
preference. 8 

Reports have been published linking arachidonic acid 
and its metabolites with prostatic malignancy. 10 " 15 Be- 
cause phospholipase activity is required for phospholipid 
metabolism and subsequent generation of arachidonic 
acid, aberrant expression and function of sPLA2 may 
play a role in prostatic carcinogenesis. However, little is 
known about sPLA2 expression in human prostatic tis- 
sues. In this study, we determined the level of group IIA 
sPLA2 expression in specimens of human prostatic ad- 
enocarcinoma, its precursor lesion [(high-grade prostatic 
intraepithelial neoplasia PIN)], low-grade PIN, and be- 
nign prostatic tissue. 
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Materials and Methods 

Tissue Samples 

Seventy-eight cases of radical retropubic prostatectomy 
and bilateral lymphadenectomy between 1990 and 1994 
were obtained from the surgical pathology files of Indiana 
University Medical Center. Patients ranged in age from 
51 to 78 years (mean, 63 years). Grading of the primary 
tumor from radical prostatectomy specimens was per- 
formed according to the Gleason system. 16 The Gleason 
grade ranged from 4 to 10. Pathological stage was per- 
formed according to the 1997 TNM (tumor, lymph nodes, 
and metastasis) system. Pathological stages were T2a 
(n = 11 patients), T2b (n = 35), T3a (n = 26), and T3b 
(n = 6). Six (8%) patients had lymph node metastasis at 
the time of surgery. 



Generation of Rabbit Polyclonal Antibody to 
sPLA-IIA 

Rabbit polyclonal antibody specific to sPLA2-IIA was 
generated by immunizing rabbits with purified, recombi- 
nant human sPLA2-IIA protein. The antisera were affinity- 
purified. The specificity of the purified IgG antibody was 
confirmed by staining Chinese hamster ovary (CHO) cells 
that stably expressed sPLA2-IIA. CHO cells expressing 
sPLA2-X or sPLA-V did not stain with this antibody (Eli 
Lilly and Company, Indianapolis, IN). 



Immunohistochemical Studies 

Serial 5-/xm-thick sections of formalin-fixed slices of rad- 
ical prostatectomy specimens were used for the studies. 
Tissue blocks that contained the maximum amount of 
tumor and highest Gleason grade were selected. One 
representative slide from each case was analyzed and 
we recognized the limitation of sample variation. Slides 
were deparaffinized in xylene twice for 5 minutes and 
rehydrated through graded ethanols to distilled water. 
Endogenous peroxidase activity was inactivated by incu- 
bation in 3% H 2 0 2 for 15 minutes. The nonspecific bind- 
ing sites were blocked by incubating with 10% normal 
horse serum in phosphate-buffered saline (PBS) (0.01 
mol/L phosphate, ph7.4, 0.137 mol/L NaCI). Tissue sec- 
tions were then incubated with the polyclonal rabbit an- 
tibody against human sPLA2 (1:76,000 dilution) for 60 
minutes at room temperature. After washing with PBS, 
biotinylated goat anti-rabbit IgG was applied for 30 min- 
utes. Additional washing was followed by incubation with 
peroxidase-labeled streptavidin for 30 minutes. Immuno- 
reactivity was visualized by incubation of sections with 
diaminobenzidine in the presence of hydrogen peroxide. 
Sections were counterstained with light hematoxylin and 
mounted with a coverslip. All of the procedures were 
performed at room temperature. No enzymatic pretreat- 
ment was required for antigen retrieval. Positive and neg- 
ative controls were run in parallel with each series and 
appropriate results were obtained. 



The extent and intensity of staining were evaluated in 
benign epithelium, low-grade PIN, high-grade PIN, and 
adenocarcinoma from the same slide for each case. Mi- 
croscopic fields with the highest degree of immunoreac- 
tivity were chosen for analysis. At least 1000 cells were 
analyzed in each case. The percentage of cells exhibiting 
staining in each case was evaluated semiquantitatively 
on a 5% incremental scale ranging from 0 to 95%. A 
numeric intensity score between 0 and 3 was assigned to 
each case on a scale from 0 to 3 (0, no staining; 1 , weak 
staining; 2, moderate staining; and 3, strong staining). 

Statistical Analysis 

The mean percentage of immunoreactive cells in benign 
epithelium, low-grade PIN, high-grade PIN, and adeno- 
carcinoma were compared using one-way analysis of 
variance with a random subject effect to correlate the 
within-subject measurements. The intensity of staining in 
benign epithelium, low-grade PIN, high-grade PIN, and 
adenocarcinoma were compared using Cochran-Mantel- 
Haenszel tests for correlated ordered categorical out- 
comes. Pairwise comparisons between the tissue types 
were made if the analysis of variance revealed significant 
treatment effects. A P value <0.05 was considered sig- 
nificant, and all P values were two-sided. 



Results 

Immunoreactive group IIA sPLA2 was evident with an 
exclusive cytoplasmic staining pattern in cells (Figure 1). 
No immunoreactivity was seen in the stromal cells. sPLA2 
immunoreactivity was found in 70 cases (90%) of cancer, 
63 cases (91%) of high-grade PIN, 4 cases (40%) of 
low-grade PIN, and 33 cases (45%) of benign glands 
(Table 1). The number of cells staining in benign epithe- 
lium (mean, 3.8%) and low-grade PIN (mean, 3.5%) was 
much lower than in high-grade PIN (mean, 39.4%; P < 
0.0001) or adenocarcinoma (mean, 37.5%; P < 0.0001) 
(Table 1). There was no significant difference in the per- 
centage of cells staining positive for sPLA2 between 
high-grade PIN and adenocarcinoma or between benign 
epithelium and low-grade PIN. The percentage of malig- 
nant cell in adenocarcinoma staining for sPLA-IIA was 
divided into two categories according to the mean per- 
centage of cell staining (<37% and >37% of cancer cells 
staining), and analyzed against the degree of tumor dif- 
ferentiation. The adenocarcinomas were grouped into 
low grade (Gleason grade 4 to 6), intermediate grade 
(Gleason grade 7), and high grade (Gleason grade 8 to 
10). No statistically significant difference was identified 
between percentage of sPLA-IIA-positive cancer cells 
and Gleason grade (P = 0.59). 

The intensity of staining also differed among benign 
epithelium, low-grade PIN, high-grade PIN, and adeno- 
carcinoma (Table 2). The majority of benign glands (55%) 
and low-grade PIN (60%) did not show any reactivity. 
Moderate staining (intensity grade 2) was evident in 11% 
of the benign epithelium cases and no low-grade PIN 
cases. No benign epithelium or low-grade PIN showed 
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Figure 1. sPLA2 immunohistochemical staining of high-grade PIN (A and B) and prostatic adenocarcinoma (C and D). Immunoreactive sPLA2 was evident in 
malignant epithelial cells with a cytoplasmic staining pattern. In contrast, no or minimal immunoreactivity was seen in adjacent benign glands. For details, see the 
Materials and Methods section. 



strong reactivity (intensity grade 3). In contrast, strong 
staining was evident in 29% (20 cases) of high-grade PIN 
and 33% (26 cases) of adenocarcinoma. Only a minority 
of the cases was negative (6% for high-grade PIN and 
9% for cancer) or demonstrated weak staining (10% for 
high-grade PIN and 22% for cancer). The percentage of 
staining was statistically higher compared to that of the 
benign epithelium and low-grade PIN (P < 0.0001). 
There was no difference in intensity of cell staining be- 
tween high-grade PIN and adenocarcinoma or between 
benign epithelium and low-grade PIN. The staining inten- 
sity of adenocarcinomas was also further analyzed ac- 
cording to the Gleason grade. No statistically significant 
difference was identified between staining intensity and 
Gleason grade (P = 0.71). 



There was no significant correlation between the per- 
centage of cells staining and patient age (r = 0), tumor 
stage (r = 0.21), lymph node metastasis (r = 0.17), 
Gleason grade (r = 0.05), or extent of tumor involvement 
in the prostatectomy specimens (r = 0.16). 



Discussion 

To our knowledge, this is the first report to characterize 
the immunohistochemical staining of group IIA sPLA2 in 
the high-grade PIN and prostatic adenocarcinoma. We 
found more intense cytoplasmic immunoreactivity for 
sPLA2 in neoplastic prostate tissues (high-grade PIN and 
adenocarcinoma) compared to benign glands and low- 



Table 1. sPLA2 Immunoreactivity of Benign 


and Neoplastic Prostatic Tissues 


in Radical Prostatectomy Specimens 








% of Cases 


Mean % of cells 






No. cases 


staining 


staining ±SE 


Range, % 


Benign epithelium 


74 


45.2 


3.8 ± 0.6 


0 to 30 


Low-grade PIN 


10 


40.0 


3.5 ± 1.5 


0 to 20 


High-grade PIN 


69 


91.3 


39.6 ± 2.9* 


0 to 95 


Adenocarcinoma 


78 


89.7 


37.5 ± 3.8* 


0 to 95 



*, Indicates percentage of staining statistically higher compared to that of the benign epithelium and low-grade PIN with a P value < 0.0001 using 
analysis of variance. There was no difference in percentage of cell staining between high-grade PIN and adenocarcinoma or between benign 
epithelium and low-grade PIN. 
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Table 2. Intensity of sPLA2 Staining of Benign and Neoplastic Prostate in Radical Prostatectomy Specimens 







Staining intensity 




0 


1 


2 


3 


Benign epithelium 


40(54.8%) 


25 (34.2%) 


8 (11.0%) 


0 (0%) 


Low-grade PIN 


6 (60.0%) 


4 (40.0%) 


0 (0%) 


0 (0%) 


High-grade PIN* 


6 (8.7%) 


7 (10.1%) 


36 (52.2%) 


20 (28.9%) 


Adenocarcinoma* 


7 (9.0%) 


17 (21.8%) 


27 (34.6%) 


27 (34.6%) 



*, Indicates percentage of staining statistically higher compared to that of the benign epithelium and low-grade PIN using Cochran-Mantel-Haenszel 
tests (P < 0.0001 for benign epithelium and P < 0.02 for low-grade PIN). There was no difference in percentage of cell staining between high-grade 
PIN and adenocarcinoma or between benign epithelium and low-grade PIN. 



grade PIN. The percentage of positively stained high- 
grade PIN and adenocarcinoma cells was significantly 
higher than observed in the benign prostatic glands and 
low-grade PIN. There were no significant differences in 
the extent or intensity of sPLA2 immunoreactivity between 
high-grade PIN and adenocarcinoma or between benign 
epithelium and low-grade PIN. Neither the extent nor the 
intensity of sPLA2 immunoreactivity in prostatic adeno- 
carcinomas was related to Gleason grade. 

Increased immunoreactivity for group IIA sPLA2 in 
prostatic neoplasia seen in the present study agrees with 
previously published observations by Faas and col- 
leagues. 15 Using enzymatic analysis, these investigators 
demonstrated a two-fold enhancement of sPLA2 activity 
in human prostatic adenocarcinoma compared to benign 
prostatic tissue. Evidence indicates that malignant pros- 
tatic tissue contains significantly lower levels of arachi- 
donic acid in phospholipids. 17,18 Altered phospholipid 
metabolism in malignant prostatic tissues may result from 
increased utilization of arachidonic acid for the formation 
of prostaglandins and eicosanoids. These arachidonic 
acid metabolites may be crucial for the growth and pro- 
gression of malignant lesions. Chaudry and colleagues 19 
demonstrated a 10-fold increase in prostaglandin E2 syn- 
thesis from labeled arachidonic acid in malignant human 
prostatic tissues. Shaw and colleagues 20 also showed 
increased prostaglandin E2 levels in the effusions of a 
fast-growing, metastasizing subline of the Dunning 
R-3327 rat prostatic adenocarcinoma when compared to 
a slow-growing derivative. Taken together, these findings 
are consistent with our observation of enhanced expres- 
sion of sPLA2 immunoreactivity in high-grade PIN and 
prostatic adenocarcinoma. 

sPLA2 has previously been localized using immuno- 
histochemistry using human Paneth cells, chondrocytes, 
amniotic epithelial cells, and lacrimal gland cells 21-23 
Expression of different sPLA2 mRNA isoforms have been 
evaluated in various tissues. 24 Comparative expression 
of sPLA2 protein expression in other organs and their 
malignant counterparts has been published 25-29 The 
distinctive staining pattern of group IIA sPLA2 between 
the benign and malignant prostatic glands suggests a 
utility of this antigen as a potentially useful diagnostic 
maker. Given the significant differences evident in the 
staining patterns, sPLA2 immunostaining might have an 
advantage over prostate-specific antigen and prostate- 
specific membrane antigen to differentiate between be- 
nign epithelium, high-grade PIN, and malignant prostatic 
cells. If present at all, benign epithelia show mainly focal 



sPLA2 staining. Even when positive, the staining intensity 
in benign epithelium is usually much weaker (one or two 
grades) than in adjacent malignant tissues. Because a 
minority (8.7% for high-grade PIN and 9.0% for adeno- 
carcinoma) of the neoplastic cases were not immunore- 
active, sPLA2 staining is not able to detect all of the 
prostatic cancers or high-grade PIN lesions. Further, a 
number of cases showed weak or moderate sPLA2 im- 
munoreactivity in benign epithelium. Therefore, the utility 
of sPLA2 as a diagnostic marker to distinguish benign 
from neoplastic glands is still limited. 

In summary, group IIA sPLA2 expression is elevated in 
the neoplastic human prostatic tissue raising the possi- 
bility that dysregulation of this enzyme may play a role in 
prostatic carcinogenesis. Our findings may have implica- 
tions for target validation and development of therapeutic 
strategies modulating phospholipid metabolic pathways 
in prostatic neoplasia. 
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After a quarter eemury of rapid advances, cancer re> 
search has generated a rich and compter body of know?* 
edge, revealing cancer to be a disease involving dy - 
oamic changes in the genome. The foundation has been 
set in the discovery of mutations that produce onco- 
genes with dominant gain of function and tumor sup- 
pressor genes with recessive toss of function; both 
classes of cancer genes have been identified through 
their alteration in human and animal cancer cells and 
by ifrm excitation of cancer pneno types in experimental 
models (Bishop and Weinberg OTS) 

Some would argue that the search for the origin and 
treatment of this disease mil continue over the next 
quarter century $n much the same manner as it has in 
the recent past, by adding further iayers of complexity 
to a seieotiMe literature that Is already complex almost 
beyond measure. But we snt^patB ottemse; those 
researching the cancer problem will he practicing a dra- 
matically different type of science than we hsve experi- 
enced over the past 2 5 years. Surety much of this change 
will be apparent at the teehnieai level. But ultimately, 
the more fundamental change? wilt be conceptual. 

We foresee cancer research developing Into a logical 
science, where the completes of the disease, de- 
scribed in the laboratory and clinic, will become under* 
standable m terms of a small number of underlying prin- 
ciples. Some of these principles are even now in the 
midst of being codihed. We discuss one set of them in 
the present essay: rules that govern the transformation 
of norma* human cesis Into malignant cancers, We sug- 
gest that research over the past decades has revealed 
a smaii number of molecular, hiachsmteal and cellular 
traits— acquired capabilities —shared by most and per- 
haps : sfl types of human cancer. Our faith in such simplifi- 
cation derives directiy from the teachings of ce« biology 
that virtually all mammalan cells carry a similar molecn- 
far machinery regelating their proHferation, differermfi- 
t\®n, and death. 

Sever aUines of evidence indicate that tumongenesis 
in humans is a muitistep process and that these steps 
reflect genetic alterations that drive the progressive 
transformation of normal human cells into highly - malig- 
nant derivatives. Many types of cancers are diagnosed 
in the human population with an age-dependent inci- 
dence impiscating four to seven rate^smiting,. stochastic 
events (Remit:. 1993). Patho;ogicai analyses of a number 
of organ sites reveal lesions that appear to represent 
the intermediate steps In a process through which cells 




evoive progressively from normalcy v& a series of pre- 
malignant states into invasive cancers (Foolds/ 1 §54), 
These observatk>ns have been rendered more con- 
crete by a large body of work indicating that the ge- 
nomes of tumor ceils are mvenably altered: at multiple 
sites, having suffered disruption through lesions as sub- 
Ue as point notations and as obvious as changes in 
chromosome complement (e g,, Kinkier and Vogeistein, 
Transformation of cultured cells is' 'ks&\f a 
molt*step process: rodent ceils require at least two intro- 
duced genetic changes before they acquire tumorigenic 
competence, while their human counterparts are mote 
difficult to transform (Kahn et aL, 1399). Transgenic 
models of tumorigene sis have repeatedly supported the 
conclusion that mmorigenesis in mice involves multiple 
rate-smiting steps ^Bergers et al r 1S98; see Oncogene 
1399.. R. DePinho and T, E. Jacks, volume 18f38}, pp. 
5248~$3$2), Taken together, observations of human 
cancers and animal models argue that tumor develop- 
ment proceeds via a process formally analogous to Dar- 
winian evolution, in which .» succession of genetic 
changes, each conferring one or another type of growth 
advantage, leads to the progressive conversion of nor- 
mal hciman cells into cancer celts (Founds, 1954c Mowell, 
1976). 

An Enomeretion of the Trarts 
The barriers to development of cancer are embodied 
in a teieoiogy; cancer cells have defects m regulatory 
circuits that govern normal cell proliferation and homeo- 
stasis. There ere more than 100 distinct types of cancer, 
and Subtypes of tumors can he found within specific 
organs; This complexly provokes a number of ques- 
tions. How many distinct regulatory circuits wfthta each 
type of target cell must he disrupted in order for such 
a ceil to become cancerous? Does the same set of 
cellular regulatory circuits suffer disruption in the ceils 
of the disparate neoplasms ah sine in the human body? 
Which of these Circuits operate on a cei?- autonomous 
basis, and which are coupled to the signals thai cells 
receive from their surrounding microenvironment within 
a nssue? Can the large and diverse collection of cancer- 
associated genes be tied to the operations of a small 
group of reguiatory circuits? 

We suggest that the vast catalog of cancer ceil geno- 
types Is a manifestation of six essential alterations in cell 
physiology that collectively dictate malignant growth 
(Figure 1): self-sufhciencyin growth signals, insensitivity 
to growth- snhrb story (antigr owth) signals, evasion of pro- 
grammed cell death {apoptosis), Hmitiess replicatlve 
potential, sustained angiogenesis, and tissue invasion 
and metastasis, Each of these physiologic changes- 
novel capabilities acquired during tumor development- 
represents the successful breaching of an armcancer 
defense mechanism hardwired into cells and tissues. 
We propose that these six capabilities are shared in 
common by most and perhaps all types bf human tu- 
mors. This multiplicity of defenses may explain why ea*> 
cor is relatively rare during an average human Ufetime. 
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?i$um 1. Acquire -of Csnc*r 

We suggest that most if net s>3 ceru^'s hav« acquired the sam& sei 
of teetiorcsi capabilities during th-^sr cevc'topmsirrt, sJbeft ihrougfc 
various tnftftwtfetic Wateg&s. 



W e d eseh be each cap a blllty in t ur n begoifr , eIIu strata with 
a few examples its function^ importance, and Indicate 
strategies by which it is acquired m ..human cancers. 

Acquired Capacity; Setf- Sufficiency 
m Growth Signal 

N<smiglj celis require myogenic growth s?gnaSs (GS) be- 
fore they can move from 8 quiescent state into an active 
pro ^iterative state. These signals a retrans mitted into the 
ce8 by transme?nbrane receptors thai bind distinctive 
classes of signaling moiecUies: .diffusible growth fac- 
tors, extracellular matrix components, and celPtd-cell 
adhes son/1 nteractson molecuias. To our knowledge no 
type of normal cell can proliferate in trie absence of 
such stimulatory signals. Mmy of the oncogenes m rhe 
cancer catalog set by mimicking normafojowth signal- 
ing in one way or another. 

Dependence on growth signaling is- apparent when 
propagating normal cells in culture, which typically pro- 
liferate only when suppled with appropriate $$fu$ihfe 
mfcogsnte factors and a pr^3^'5rbsb^^mf<r-^^--N^ 
grins, Sudv behavior contrasts strongly with that of tu- 
mor celtei which invariably show a greatly reduced 
dependence on exogenous growth silmiriaUon. The* con- 
clusion is that tumor ceils generate many of their own 
growth signals, thereby reducing their dependence on 
stimulatioh from their normal 'tissue- microenyironn tent; 
This liberation from dependence on exogenousiy de- 
rived signals disrupts a anr.icaiJy important hemeostatic 
m^chsntsm that rsormsfly operates to ensure a proper 
behavior of the various eeli types within a tissue. 



Acquired GS autonomy was the first of t?^-$fe:capab^ 
ties to be clearly dehned by cancer r esearchers/ In large 
part because of the prevalence of dominant oncogenes 
that have been found to modulate ft Three common 
moiecuier strategies for achieving autonomy are eve 
dent rrn/ol ving alteranon of extraocular growth signals, 
of transceliuiar transducers of those signals, or ofintra- 
ceiiular circuits that transiete those signals into action. 
While most soluble mkogemc growth factors (OFs) are 
made by one eeH type m order to stimulate pro^eratioh 
of another - the process of heteroty pfc slgnaiing— many 
cancer cefrs acquire the abrliy to synthesize Gfs to 
Which they are responsive, creating a positive feedback: 
signaling loop often ternved autocrine stimulation (Fed: 
et &l , 1 997). Cieariy, tha manufacture of a 0F by a cancer 
eel! obviates dependence on GFs from other ceiis within 
the tissue. The production of PDGf Patelet-dedved 
growth factor) and TGFa (tumor growth factor a) by 
glioblastomas and sarcomas, respeefh^^y, are two i^us- 
trotive examples (Fedi et al, 199?}. 

The cell surface receptors that ?:mnsduce growth- 
slirrio^tory signals into the cell interior are themselves 
targets of dereg^arlon during tumor pathogenesis, GF 
receptors, often carrying tyrosine kinase actios in 
their cytoplasmic domains, are ov ef expressed in many 
cancers. Receptor overexpmssion may enabie the can - 
cer ceii lo become hyperresponsive to ambient levels 
of GF that normaiiy would not trigger proHferation {Fed! 
et s\„ 1 997). For exam me, the epidermal OF receptor 
{EGF-R/ertsQ is upregufated in stomach, brain, and 
breast lumors, whiie the HERZfneu receptor Is over ex- 
pressed in stomach and rhammary cafcinomas (Slamon 
etai^ieS7: Yardenand y5lrich, leB^ ^ddifiona^y, gross 
over expression of receptors can e«cit figan.d-mde- 
pendent s^gnaiing (DiFiore et ai... 1987), Ugand-lndepen- 
dent signaling can also be achieved through structural 
a deration of receptors; for example, truncated versions 
of the EGF receptor tacking much of its cytoplasmic 
domain fire constitutlveiy (Fedi et ai. r 19S7) 

Cancer celis can also switch the types of extracellular 
matrix receptors {integrins) they express, fa^onng ones 
thst transmit progrowth signals (Lukashev and Wern, 
193B;GiancottramlRiioslaht^ 1999). These bifunctional, 
heterodimefic ceH surface receptors phys>cai;y iink cells 
to e?:tmce'lular superstructures known as the extracellu- 
lar matrix (ECM)< Stjccessfui foindmg to specific moieties 
of the ECM enables the in- agrin receptors to tfansduce 
signals into the cytoplasm that influence ceil behavior; 
ranging from quiescence in normal tissue to myotility, 
resistance to apoptosis, and entrance into the active 
ceSI cycle. Conversely, the faiiure of integrins to forge 
these extracellular [inks can impair cell motifity/induce 
apoptosfSv or cause celfcycle arrest (Giancdtti and Ru- 
oslahti, W$$b Both ligand-activated Gf receptors and 
progrowth sntegrins engaged to extracellufar matrix 
components can activate the SGS-Ras^af ^AP kinase 
pad-vway (Aplin : et ah, WB$; Giancotti and Reosiahti, 

The most complex rneehamsms of acgo^red GS auton- 
omy derive from alterations in componenis of the down- 
stream cytoplasmic circuitry that receives and pro- 
cesses the signals emitted by ligand activated GF 
receptors and inte^nns. The SOS-Ras -^aP-IVIAPK cas- 
cade piays a centres role hem Sn about 25% of human 
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Rgsjfe 2. Tufi Emf:T<;>;>it tat&gra&d Circuit etf Ct>!f 

Pr-o$<mM tissgctfog- signal pathways : fos& be^rrtoJay out.*- c?rci«trjf : that wiil iiK«>y f*i?mfc electronic, in^s^d drc«it&-.m carrf^ieKsty 
■nM fmar^ wham U$i\$if>*ws ^re pieced by proteins and ptep^t&se^; ^rid efectj phos phases iipi&>. zmmg 

•och«^.1rf -a^Jbo lo -the- prouitypbaJ growth- signal circuit cewtefed - : afowrtsf- : ^in«l. poi.npled. to s -sp^>t: - wrft at mttaseliuW cuQfy &&<*r 
mmpmmi tr^m.. mti&iW& ' and diffsrs^iation sigrta^ or m^^sts commands to five or di£ .spopteis^ Ai> for tha gertsik;:. 

• j^pr^f.^tiff^ .ic^' Ifi^^^yl circuit .hi cajic^ c^ite, sfjm<* of x5>& gones known to fofict&naSfy aUt>^<?d fsrft h^hltghtft^ in m<i. 



forms that onabfe thsm to release a -flux Qf ^isogenic 
^ignais mto c^s, withoul orsgo^ng stimulation by their 
norma? upstream regulators &m a and Bos, 1993), 

We aspect lh<^ pathways suffer 

deregulation m all human tumors. Although this point 
Js hard to ptom j-jgorpusly at present tM clues are 
abundant (Hunter, 1997). For emmpte, inthe b^t styd- 
led of tumors -ri^m^n colon carcinomas— s bout half 
of the tumors b&sf mutant oncogenes (Kinkier and 
Vo^c^stejn, Wt^suggesiSjiattheremaintng 
tumors carry d^0Cts m other components of the growth 
ssgnaffng pat^xvay$ that phenocopy rss oncogene actj- 
vatton. The nature of :^ese a^sr^aUve, growth-stsmuJat- 
\n$ mechan^ms remains eiussve. 

Under Inte^ste study for two decades, the wirmg 
diagram of the erewth sfcna^rici circuitry of the rnarrima- 
lian ceiJ is commgiriio focus {Fx^ure 2;, New do^nctream, 
effector pathway?, that rad&?$ from the central SOS- 
Ras-Raf-MAP kinase mitogenic cascade are hsirig dis - 
covered with sor?:m regui^rity (Hunter, 190?; RorrsmeS 
and H are si, 199i}vThis cascade is also -linked vsa a varfery 
of cross-talking connections with other pathways; these 
cross connections anab^e eKtraceliular signals to eiicit 



mtiJtjpie mti bfotogicai ef?ect?>; For example trie direct 
interaction of the Ras proreir? with the '$t*rviya}-pfCJrrs6t- 
mg P\i ksnase eimbiiesi.grtsv^k sksr^fe to coricufrently. 
ssvoke survival signais within the ceSS {Downward, 1 BBS) 

Wnile acquisition of growth signaiing autonomy by 
cancer cells is conceptually satisfying, it \s also too 
simplistic. We have traditionally explored tumor growth 
by - fepuslng our experimental attantion^ on the geneli- 
eaify deranged cancer ce^ls {Figure 3, left penei}. It is, 
however, increasingly apparent that the growth deregu- 
lation witnln a tumor can onJy be explained once we 
understand the contnbutions of the anc^jary ce^$ pres - 
ent in a tumor— the apparency normal bystanders such 
as fibrobfasits and endothe^ai celis— which must play 
key rdfes in drivrng tumor ceii pro^feraii on (F^gLiro 3, 
right panel). 'Within normal t&aue, ce^s are iargely In- 
structed to grow by their neighbors {paracrine signals) 
or y.ia : systemk; (endoenne) signals. Ceit'to-ceH growth 
^ig na^ng is likely lis operate in the vast majority o! human 
turners as : vv^ll; ■ vsriuaffy aii are composed of several 
district ceil typm that appear td communicate v& hei- 
erotypk: signaling. 

Heterotypic slgna^ng between the diverse cell types 
within a tumor may u&iroateiy prove to be as important 
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Figure Tumors as Com^S&JC Issues 
Tfce TisScS otcsnesr research ftas iarcisiy &se?> 
guteted by 3 f educttantsi tbcus on cancer c*>i & 
<md tfce genes -w?ih& them -^R-painei^ fo- 
cus that ftzs'pr&mcm mmirzw&mry boriy 
of ■ tooyvtetftj& Ux^u^'f^v'Sfd in-: i&r& r . < w& 
t!<$t? i t*v*> sha* iropsH^sni new jnrpatfs wiif com*; 
rrsm regarding turgors as complex tbsues in 
vtfsefc mutant, cant® .cstfc Have- conscripted 
m& subverted norma! esif types to 
3ctivo col^b^ratori; ft> th^jr neoplastic Jss^fHte 
(ilnht pafifcj};..Th« : KitesraeiiBtts between the 
genetics tiy siie?^ *na5k$n3ttt cefe and these 
supporting coconspirators wi^f prove Cfitio^ 
lo ijrtoersbrft&5§ career patho^r^sis anrt i:o 
rh& development df novel effeaive therapies. 



In ex$aihin§ turner eei; procuration as the cancer cell- 
autonomous ma^hafti<m$s enumerated above. For ex- 
ample, we suspect that many o? &e growth signals driv- 
ing tne proliferation of carcinoma oeEis originate from 
the stmmai ceil components of the tumor -mass; While 
difficult to validate at present, such thinking recasts the 
:ogk: of acquired GS autonomy; successful tumor cells 
am those that hsvii acquired the ability to co-op* thesr 
normal neighbors by inducing them to release abundant 
fluxes of gfovyth-siimufetlng signals (Skohe and Fu~ 
senig. 198B). Indeed, In some tumors, these cooperating 
ceils may eventually depart from normalcy, convolving 
with their malignant neighbors in order to sustain the 
groves of the latter (Kinzler and Vogelsteia 1998; Olnml 
at al , , 1999). further, Inflammatory eetfs attracted to Sites 
of neoplasia may promote (rather than eliminate) cancer 
ceils (Cordon- Cardo a rtd Phves, : 999; Goussehs et al., 
1999; Hudson et si, 1999), another example of normal 
cells conscripted, to enhance tumor growth potential, 
another means to acquire necessary capabilities. 

Acquired CapafraHty; ^sensitivity 
to Antlgrowth Signals 

Within a normal tissue, multiple antiproliferative signals 
operate to maintain eeiiular quiescence and tissue ho- 
meostasis; these signals mdude both soluble growth 
inhibitors and jmmoblii^ed inhibitor's; embedded in the 
extracellular matrix and on me surf aces of nearby cells. 
These growth inhibitory signals, Sike their positively act- 
ing counterparts, are received by transmembrane cell 
surface receptors coupled txrintraeeliuiar signaling cir- 
cults, 

Anh growth signals can block proliferation by two dis- 
tinct meehanismsv C&lte may be forced out of the active 
proliferate cycle Mo the quiescent (Go) state from 
which they may reemerge en some future occasion 
when extracellular signals permit.. ASteroatlveiy, ceils 
may he induced to perms^^nt^ relinquish their prolifera- 
tive potential by being induced to enier into postmitotic 
states, usually associated with acquisition of specific 
differentiation- associated traits. 

incipient cancer cells must evade these antiprolifera- 
tive signal if they are to prosper. Much of the circuitry 
that eha&es norma! cells to respond to anhgrowth sig- 
nals is associated with the cell cycle clock, specifically 



the com ponen ts go verning the transit of the cell throdgh 
the G1 phase of its growth cycle. Cells monger their 
external environment during rhls period and, oh the ba- 
sis of sensed signals, decide whether to proliferate, to 
be quiescent or to enter into a postmitotic state. At the 
molecular level, many and perhaps aS! antiproiiferahve 
signals are hrnneled through the retin oetetoroa protein 
(pRo) and Its two retehves. pi 07 and pi SO. When in a 
Hyncphosphorylatcd state, pRb biocks prostration by 
sequestering and altering I he function of E2F transenp- 
lion f actors thar controt the expression of banks of genes 
essential for progression from 01 into S phase CWein^ 
berg, 199 5J\ 

Disruption of the pRb pamway liberates OFs and 
thus allows eel} proltferadon rehdenng ceSis Insensitive 
to antigrowth factors that normally operate along this 
pathway to block advance through the G1 phase of the 
ceil cycle. The effects of the soluble signaling molecule 
I Gf p are the best documented, but we envision other 
anhgrnwih farmers will he found to signal through this 
pathway as well TGrp acts in a number of ways, most 
still elusive, to prevent the phosphorylation that Inacti - 
vates pRb; in this fashion, TGF.fi blocks advance through 
G1. in some cell types, TGF3 suppresses expression 
of the c-myc gene, which regulates the G1 cell cycle 
machinery in st^i unknown ways ptoses e^ aL f 1990). 
More directly, TGFfi causes synthesis of the pi S :WK -- and 
p21 proteins, which block the cyc«o;CPK complexes 
fesponsibie for pRb phosphorylation (Harmon and 
Beach, -mi; Datto ot al. 1997). 

The pRo signaling circuit, as governed by TGFp and 
other extrinsic factors, can be disrupted in a variety of 
ways m dtf fereni types of human m mors (Fynan and 
Reiss, 1 993). Some lose TGF^ responsiveness through 
downregu&tion of their T&$ receptors, while others 
dispiay mutant, dysnjnctional receptors fFynah and 
Relss.. 1993; Markowits et aL, 1 9^5) v The cytopiasmic 
Smad4 protein, which transduces signais from Ugand- 
activated TGFB receptors to downstream targets, may 
be eliminated Ihrotigh mutation of its encoding gene 
{Schutte et at. , 1 9^6}, The locus encoding pi may be 
deleted fGhin et si, 1 998), Alternatively, the smntediate 
downstream target of Its actions, CDK4< rnay become 
unresponsive to the inhibitory aetlons of pTS ?NKW be- 
cause of mutations that create amino acid substitutions 
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in its MM&f&4rmrmtinQ domain;, the resu&ng cyejjn 
D;CDK4 compters are then given a Tree hand to iftacti- 
v&te pRb by hyperphosphoryiation (2uo et at, IMS),- 
Finally, functions! pRb, the end target of this pathway, 
may be? lost through mutation of its gene, Alternatively, 
w cwibih BHA virus -induced tumors, notably cervical 
carcinomas, pRh function *s elimmate^ through secsues- 
iration by viral oncoproteins, such as the £? oncoprotein 
of human pepif lomsvtrus {Dyson et ai> 1 989). in addition,. 
canoe* ceils can also turn off expres&nn of Inleghns and 
other ceil adhesion mqleeuies that send antigrowih sig- 
nals, favoring instead those that convey progrc^h sig- 
nals; these adner'^ee^baseti antigrowth signals fety 
impfoge on the pRb circuit as ^il The bottom Km is 
that the a nti growth circuit convening onto Re a sic the 
ceil diviskm cycle is, one way or another, disrupted In 
a majority of human cancers, defining the concept and 
a purpose of tumor suppressor Soss in cancer. 

CeSS pr Glsreratjon depends on more than an avoidance 
of cytostatic antlgrowth signals. Our tissues also con- 
strain cell multiplication by instruc^ri^ cells to ante?: irre- 
versibly into postmitotic, differentiated states, using di- 
verse mechanisms that are incompletely understood; it 
Is apparent that tumor celis use various strategies to 
avoid this terminal differentiation. One strategy lor 
avoiding diflerenhatlon directly involves the c~myc on - 
cogene^ whicn encodes a transcription factor, Durrng 
normal development, the prov^h-stimuiaiing action of 
svTyc, in association with another factor, Mm, cm bo 
supplanted by alternative complexes of Max with a 
group of Mad transcription factors; the Mad-Max eonv 
pieses sliest dlr^erendation-lnducmg signals (Foley and 
EisenmaOj 19891 However, overexpression of thec-ivlyc 
oncoprotein, as is seen in mtmy tumors, can reverse this 
process., shitting the balance Sack to favor Mye~Max 
complexes, thereby impairing differentiation and, pro- 
moting growth. During human colon carcinogenesis, in- 
activation of the APC/^-catenin pathway serves to h^ock 
the egress of enterocytes In the colonic crypts into a 
differentiated, postmitotic: state (Kirszier and Vogeistefm 
1996,1 &halogousSy, during the genersaon of avian eryth- 
roblastosis, the erbA oncogene acts to prevent h revers- 
ible erythrocyte differentiation {Katen et at, 19SS)> 

While the components and interconnections between 
the vano us sntigrewm and dirferentiatson-induclng sig- 
nals and the core cell cycle machinery are soil being 
delineated, the existence of an antigrowth signaimg cir- 
cuitry is clear {Figure as is the necessity for its circum- 
vention by developing cancers. 

&cqured Capacity; Evading Apoptosis 
The ability of tumor ceil populations to expand in number 
is determined not only by the rate ofcell proliferation 
but also by the rate of cei? attrition. Programmed ceil 
death— apoptosis^represents a major source or this 
attrition. The evidence is mounting, principally from 
studies in mouse models and cultured cells, as well as 
from descriptive analyses of biopsied stages in human 
carcinogenesis, thai acquired resistance toward apo- 
ptosis Is. a haiimark of most and perhaps all types of 
cancer. 

Observations accumulated over the past decade indh 
cate that the apoptohc program is present in tatent iorm 



in vir^aiiya^ coif types throughout the body. Once tig-- 
gered by a variety of physiologic signals* this program 
unfolds in a precisely choreographed series of steps. 
Cellular mombranes are disrupted, the cytoplasmic and 
nuclear skeletons are broken down, the eytoso! Is ex- 
truded, the chromosomes are degraded, and the m* 
deus Is fragmented, ali m a span of 30-120 mm. fo.tfte 
end, the shnveled ceil corpse is engulfed by nearby ce^is 
so a tissue and disappears, typically within 24 hr (Wythe 

et si ? nm)< 

The apoptetle machinery can be broadly divided into 
two classes of components— sensors and effectors. The 
sensors are responsible for monltohng the extracejJuiar 
and Intracellular envirenmoni lor conditions of normality 
or abnormaiity that influence whether a cell should live 
or die. These signals regulate the second class of com- 
eonents, which function as effectors of apoptedc death. 
The sentineis include ce;i surface receptors that hind 
survival or death factors Examples of these iigand/ 
receptor pairs include survival signals conveyed by \GF- 
1/IGF- 2 through their receptor, IGF-1R, and by 3 and 
?ts cognate receptor, (Loiem and Sachs. 1^9^; 

Butt et al, m^}. Death signals are convoyed by *he 
f" AS tigand binding the FAS receptor and by IWn bind- 
ing im-m {Ashkena^i and Dixit, 1909). Intracellular 
sensors monitor the ceii's was 3 being and aciivate the 
death pathway in response to detecting abnormalities, 
including DHA damage, signaimp imbalance provoked 
by oncogene action , survival factor insufficiency or hy p> 
oxia (Even and UttSewood, 1398), further, the fe of most 
celts is in part mam>teined by ce^-matrix and ceSi-<:eii 
adherence-based survivai signals whose abrogation 
eiiciis apoptosis (ishuski et aK 1^9^; Giancotd and Ru- 
os&ftti, 1999} Both soludie and Immobii^ed epoptotic 
regutalcvy signals iikeiy refiect the needs of tissues to 
tnainteln their constituent cells in appropriate architec- 
tural configurations. 

Many of the signals that elicit apoptosis converge 
on the nMoehondha, which respond to proa ppptetic 
s?p^is by releasing cytochrome C> a potent catalyst of 
apoptosis (Greenand Reed, 19Sa) Members of the Sch 2 
famity of proteins, whose members have either pro- 
apoptodc {Sax, Bak, Bid, Bim) or anhapoptotic iBcA-2. 
BchXL, BeKW) function, act m part by governing mito- 
chondrial death signaling through cytochrome C re- 
iease, The p S3 tumor suppressor promin can elicit apo- 
ptosis by upregdating expression of proapoptotic Sax 
in response to sensing ON A damage; Sax in tu?T? stimrt- 
Sates roitoebondris to release cytochrome C. 

The ultimate effectors of apoptosis inciude an array 
ot intracellular proteases termed cas pases fThornberry 
and Lezebnik, 1v9S). Two -gatekeeper" casp^ses. -8 
and -9, are activated by death receptors such as FAS 
or by the cytochrome C released from mitochondha. 
respectively. These proximal caspases irlgger the acts* 
vation of a dozen or more effector caspases that execute 
the death program, through selective destruction of sub- 
cellular structures and organelles, and ot the genome 

The possibility thai apoptosis serves as a- barrier to 
cancer was first raised in 1972, when Kerr, Wyiiie, add 
Cume described massive apoptosis in the colls poputat- 
sng rapidly growing, hormone-dependent tumors follow- 
it>g hormone withdrawal (Kerr et al.,1 §7 21 The discovery 
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of the &cf-£ oncogene by its upregulation via chrome- 
soma? translocation In toSpculer lymphoma (reviewed in 
Korsmeyer, 1392) and its recognition as having anti- 
apcpiotic activity {Vaux et al.. 1883) opened up the in - 
vestigation of apoptosis in cancer .at the molecular level 
When coeKpressed with a rrn/e oncogene in transgenic 
mice, the &c/-2 gene was able to promote formation of 
B eel? lymphomas by enhancing ^mphocytes^rviva?, not 
by teSw simulating their myo~induced pmiiferation 
{Strassfcr et al t 1939); further, 50% of the Infrequent 
lymphomas arising in bcW single transgenic transgenic 
mice had somatic translocations activating c-^c f con- 
firming a selective pressure during iymphom agenesis 
to opregulate both Bel- 2 sad e-fvlye (McDonnell and 
Korsmeyec 1991). 

Further insightlnto the >myc-^c/-2mtera(:tion emerged 
later from studying the offsets of a myc oncogene on 
fibroblasts cuitured in low serurm Widespread apopipsis 
was induct in myc-expressing celis Jacking serum; the 
consequent apophysis could be abrogated by exoge- 
nous survlvaffactors (e.g.. JGf -1), by forced overexpres- 
sion of 8ai-2 or the related Be?- XL protein, or by disrup- 
tion of the FAS death signaling circuit {Hueber et a; , 
1397) Collective^ the data indkiate thai a cells apo~ 
ptohc program ceo he triggered by an overexpressed 
oncogene. Indeed, elfn^nation of ceils bearing activated 
oncogenes by apoptosis may represent the pnmary 
means by which such mutant cells ere eontinuaiiy cuiied 
from the body's issues. 

Other examples strengthen the consensus that apo- 
physis is a major barrier to cancenhat must be circunv 
vented Thus, irt transgenic mice where the p&b tumor 
suppressor was functionary inactivated in the choroid 
plexus, slowiy growing rnicroseopic tumors arose, ex- 
hibihng high apoptotic rates; the additionannaebvation 
of the p53 tumor suppressor protein, a component of 
the apopJotie signaling circuitry, led to rapidly growing 
tumors .containing: sow numbers of apoptotic cells (Sy- 
moods el a!., 1904). The rote of extracellular survival 
factors is illustrated by disuse progression in trans- 
genie mice prone to pancreatic islet tumors. If IGF-2 
gene expression, which is activated in this tumoritjeoe- 
sis pathway, was abrogated using gene knockout mice, 
tumor growth and progression wore impaired, as evi- 
denced by the appeareoce of comparatively small, be- 
nign tumors showing high rates of 
et aL 1994} .-In these ceM, the absence of IGF- 2 did not 
aheci cell proliferation rases* clearly identifying It as an 
anhapoptohc survival factor. Collectively, these obser- 
vations argue that altering components of the apoptotic 
machinery can dramatically affect the dynamics of tu- 
mor progression, providing a rationale for the Inactiva- 
tion of this maehinery during tumor development. 

Resistance to apoptosis can be acquired by cancer 
celts through a variety of strategies. Surefy, the most 
commonly occurring loss or a proapoptotic regulator 
tbrouo;h mutation involves the p53 tumor suppressor 
geneThe resulting functional maelivation of its product, 
the p53 protein, & seen In greater than 50% of human 
cancers and resets in the removal of a key component 
of the DMA damage sensor mat can Induce the apoptptic 
effector cascade (Harris, 1 Signals evoked by other 



abnonnaiiUes> including hypoxia end oncogene hypor- 
expression,, are also Tunneled in pari via p53 to the apo- 
ptotic machinery; these too ere impaired at eliciting 
apoptosis when pSJfunctioo is test 'Levi ne, 1:397). Addi- 
tionally, the PI3 kinase-AKT/PKB pathway, which trans- 
mits antiapoptotie survival signals, is i&eiy involved m 
mitigating apoptosis In a substantial fraction of human 
tumors. This survival signaling circuit can be activated 
by extracellular factors such as IGF- 1/2 or 11-3 |Ev^n 
and LJttfeyvood, 199B}. by intraceliuiar signal emanating 
from Ras (Downward, 1998), or by loss of *he pTEN 
tumor suppressor, a phospholipid phosphatase that 
normally attenuates the AKT survival signal (Canuey and 
Meet 1S§9). Recently, a mechanism for abrogating the 
FAS death signal has been revealed in a high fraction 
oi lung and colon carcinoma celf lines; a nonsignaiing 
decoy recepror for FAS llgand is upreguiated, titrating 
the death inducing signal away from the FAS death re- 
ceptor fpitti et ai ,. 1998), We expect that virtually a!| 
cancer ceils harbor alterations that enable evasion of 
apopiosis. 

It Is noyv possfbse to Say out a provisions! apoptotic 
signaling circuitry (Figure 2);: while incomplete, it is ov?- 
dent that most regulatory and effector components are 
present in mdundant form. This redundancy holds im- 
portant mipllcationsior tbe development of novel types 
of antitumor therapy/ since tumor ceils t^at have lost 
proapoptotjc components are likeiy to retain other simi- 
lar ones. We anticipate that now technologies will be 
able to display the apoptorie pathways still operative in 
specific types of cancer cells and that new drugs will 
enable crosswalk between the stiff intact components 
of paraiioi apoptotic slgnaiing pathways in tumor ceils, 
resulting in restonadon of the apoptotsc defense mocha- 
nism, with substantial therapeutic benefit. 

Acquired Capability: UmitSess Ropiicatjve Potential 
Three acquired capabilities— growth signal autonomy, 
insensibvity to antigfowth signais, and resistance to 
apoptosis— M lead to an uncoup^ng of a cell's growth 
program from signals in its em.-fremmeoi. In pnncspie, 
the resulting deregulated proliferation program should 
suffice to enable the generation of the vast ceil popula- 
tions that constitute macroscopic tumors. However:, re - 
search performed over the past 30 years indicates tbat 
this acquired disruption of ce!hto<ell signaling, on its 
own, does not ensure expansive tumor growth. Many 
and pemaps aff types of mammalian cells carry an ihtr^ 
mc ( ceihautonomous prooram that limits their muihpfc^ - 
tbn. This program appear*; to operate independently of 
the cell-to-cell signaling pathways described above. It 
too must be disrupted in order for a done of ceils to 
expand w a size that constitutes e macroscopic, life- 
threatening tumor. 

The early work of Hayffick demonstrated that eelis In 
culture have a tlnite repfanve potential {reviewed in 
Hayfiick, 1997^ Once such ceil populations have pro- 
grossed through a certain number of doublings/they 
stop growing—a process terniOd senescence. The se- 
nescence of cultured human fibroblasts can be Circum - 
vented by disabling their pRb and p53tumor suppressor 
proteins, enabiing mese cells to continue mumpiying for 
additional generations until they enter into a second 
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state termed crisis. The crisis stale is characterized by 
masses mil death, karyotypie disarray associated with 
end4o-end fusion of chromosomes, and the occasional 
emergence of a variant (1 in \Q ! ) cell that has acq uifed 
the abil ity to multiply without iiroit, the trait termed irm 
niortai^afion (Wright et aL, 1989).' 

Provocatively, most types of tumor cellsthatare prop - 
agated in cultur a appear to fee immortalized, suggesting 
that limitless repljeative potonhei is a phenotype that 
was acquired in vivo during tumor progression and was 
essentia? for the development of their malignant growth 
state (Hay Hick,. 1907). This result suggests £hst at some 
paint during the course of mulhstep tumor progression, 
evolving prEmaligoentce^ populations exhaust their en- 
dowment of allowed doublings and can only complete 
their tumorigenie agenda by breaching the mortaJity bar- 
rier and acquiring unlimited replieatwe potential 

Observations of cultured cells tndfcate; that various 
normal human coil types have the capacity for 
dour>iings Taken at face value, these numbers make 
little sens; a when attempting to invoke eel! molality as 
an Impadtmenr; to cancer form ah on: 60-70 doubles 
should enable cbhes of tumor ceils to expand to num- 
bers that vasriy exceed the nuj nbcf of cells in the human 
body If dues from evaluation of prclife^km and apo- 
ptotie rates 'In ■ certain human tumors (Wyiiie ei el., 1980) 
and transgenic mouse models (Symohds et af., 1 994; 
Shihata eta!. , 1 996; Beroers et at, .1 998) prove general- 
able, the parade* can be resolved; evoiving premaiig- 
a an* and malignant cell populations evidence chronic, 
widespread apoptosis and consequently suffer consid- 
erable eel! attrition concomitant with ceil accumulation. 
Thus/ the number of ceils in a tumor greaUy underrepre-- 
senis the cell generations required to produce it, raising 
the generational hmit of normal somatic colls as a harder 
to dancer. 

The counting device for cell generations has been 
discovered over the past decade; the ends of chromo- 
somes, telomeres, which are composed of several thou- 
sand repeats of a short 8 bp sequence element. Replica** 
tive generations are counted by the 50-100 bp loss of 
teiomerie DfciA from the ends of ovary chromosome dor- 
ing each eel: cycle. This progressive shortening has 
hmn attnbuled to the inability of UHA polymerases to 
eompleteSy r^pijeata the 2' ends of chromosomes DMA 
during each S phase, The progrosstve erosion Of telo- 
meres through successive cycles of replication eventu- 
ally causes thorn io lose their ability to protect the ends 
of chromosomal DMA, The unprotected chromosomal 
ends participate in end -to -end chromosomal fusions, 
yielding the Icaryotypic disarray associated with crisis 
and resiiiting, almost inevitably , in the death of the af- 
fected cell (Counter et al„ 1992). 

ielomere main^nance is evident in virtually aft types of 
malignant cells (Shay and Baccheth, 1997); 8S%~9^% 
of them succeed in d oin g so by upreguiaimg expression 
of the teiomnrase enzyme, which adds hexanudeqtide 
repeats onto the ends of teldixterie DMA (Bryan and 
Cech, 1999), while the remainder have invented a way 
of activating a mechanism, termed ALT, which appears 
to maintain telomeres through recomhin&t iomhasedin'- 
terchromosomai exchanges of sequence information 
(Bryan et at, 1985), By one or the other mechanism, 
telomeres are maintained at a length above a critical 



threshold, and this in tern permit ununited muitipliea- 
lion of descendant ceils. Both mechanisms seem to be 
strongly suppressed in most normal human cells in order 
to deny them unlimited repiicaeve potential 

The role of telomorase in Immortalizing ceils can be 
demonstrated dJrectly by ectopically expressing the en - 
zyme in cells, where It can convey unlimited reptohve 
potential onto a variety of normal ear iy passage, prose- 
neseent cells in vf-Jrb jBodnar et a!.-, 1953, Vasli and 
Benchimor T99BJ. Further, late passage celts poised to 
er^er crisis conhnue to proliferate without giving' any 
evidence of crisis when supplied with- -this enzyme 
{Counter et ai, 1938; Halvorseo at al, 19§§; Zhu et 
1999). Additional dues into the Imporrance of telomere 
maintenance for cancer comes frohv analysis of mice 
lacking telomsrase function. For exampie, mice canning 
a homozygous knockout of the cell cycle inhibitor 
p16 ;NK ^ are tumor prbne, particularly when exposod to 
carcinogens; ifte tumors that arise show com par ats vely 
elevated teiomerase aciivjiy. When carcinogens were 
applied to pl6^ A -null mice that also lacKudtelomeresa 
tumor incidence was reduced, concomitant w:th sub- 
stanha! ^lomere shortening and karyotype disarray in 
those tumors that did appear (Greenberg vl al, 1399), 

Whik-i teiomere maintenance Is eieariy a key compo- 
nent of the capabiJiry for unlimited replication, we remain 
uncertain about another one, the circumvention of ceHu- 
iar senescence. The phenomenon of senescence was 
originally observed as a delayed response of pnmary 
cells to extended propagalion in vitro snd hasthus been 
associated with mechanisms of divisional coonhng 
{Heyfiick, 1997), More recenhy, the senescent state has 
been observed to be Inducible In certain cultured ceils 
m response to high level expression of genes such as 
the activated n?s oncogene (Serrano et a\., 1997} 

The above- ci^ed obsorvaf ions might argue that senes - 
cence, much like apoptosis, refiects a protective mecha- 
nism that can he activated by shortened telomeres or 
conflicting growth signals that forces aberrant cells irre- 
verslhiy into a G^iike state, i hereby rendering them inca - 
pa ble of further proiiferation. If so, circomvention of se- 
nescence in vivo may indeed represent an essentsai step 
in tumor progression that is required for the subsequent 
approach to and breaching of the crisis barrier. But we 
consider an alternative model equally plausible: senes- 
cence could he an artifact of ceil culture that doas not 
reflect a phenoiype of cells within living tissues and 
does not represent an impediment to tu?nor progression 
in vivo. Resolution of this quandary wilt be cdiicai to 
compieteiy understand ihe acquisition of limitless repii- 
CJ5tive poienttal 

Acquired Capability: Sustained An9iogenesis 
The oxygen and nutrients supplied by the vascuiatiire 
are cruciai for ceii function and survival, ohligatsng virtu- 
ally all cells in a tissue to reside within i 00 \im of a 
capillary Oiood vessel During oroanogenesis, this close- 
ness is ensured by coordihafed growth of vessels and 
parenchyma. Once a tissue is formed, the growth of 
new blood vessels— the process of arigjogenes^—is 
transitory and carefully regulated, Because of thfs de- 
pendence an nearby capliiarles, it would seem plausible 
that proufereiing ceils within a tissue would have an 
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mttimm ability to encourage bSOod vessel growth, But 
the evidence Is ath^fwfse, The ceils within aben ant pro- 
Siferaiive lesions *nHta$Ylaek- angiogerao abMy , curtail 
ing their capability for expansion, in outer to progress 
to a iarger size, incipient neoplasias must develop an§?o~ 
genie ability fBouek etal, 1986; Hanahan and Fdkman; 
1998: FolkmcJR f 1997), 

Counterbalancing pos^ive and negative siqrssfe en- 
courage or block angiogenes*s One class of these sig~ 
nafs is conveyed fey solabie factors and their receptors, 
the latter dispiayed on the surface of endothelial ceils; 
btegrlns end adhesion molecules mediating eeli-rnalnx 
and e&ii~cey association aiso play /orifice* roles. The 
engiogenesiS'iniuaUng signals are exemplified by vas- 
cular endotheiial growth factor {VEGF} and addle and 
basic fibroblast growin f sctors |FGFi/2}, Each binds to 
transmembrane tyrosine kinase receptors displayed by 
endothelial edis (Fed! et ai>, 1997; Ve&kola and M itai a, 
1999), A prototypical angiogenesis inhibitor is fchrom- 
bospondiml, which binds to CD36, a transmembrane 
recspioronendot^etm^oei^scGLjpted to intracellular Src- 
like tyrosine kinases (Bull etaT, TS94}, There are cur- 
rently more than two dozen angiogenic inducer factors 
known and a. similar number of endogenous »?bitor 
proteins, 

Jntegrin signaling also contributes to this regulatory 
baia nee. Quiescent vessel express one dass of iota- 
grins, whereas sprouting caps Varies express another. 
Interference wit^ signa^n^ from *:he Salter class of Inte- 
grins can inhibit angbgenests (V^mer and Oheresh, 
19§6rGfancotti and Ruos*ahU ; 1999), underscoring the 
important contribution of celtadhesion to the angiogenic 
program (Hynes and Wegnen 1396), Fxbaceiluiar prote- 
ases arc physically arid functional connected with, pro- 
angiogenic integrsns, and both hasp dictate the invasive 
capabifiiy of angiogenic endothelial ceils (Stetler-Ste- 
venson, 1999). 

Experimental evidence for the importance of inducing 
and sustaining angiogenesis in tumors is both extensive 
and competing (Soock et al> 1996; Har*ahan and Folk- 
man, 1 998; Foikman, 1997) The story begins ai most 30 
years ago with Foikman and coiSeagues, who used In 
Vivo bioiassays to demonstrate the necessity of angio- 
genesis for explosive growth of tumor .expiants (re- 
viewed In foSKman, 1997). Mniaeuiar proof of prsncsp^e 
came, for example, when antl-VEGF anUbodies proved 
able to impair neovascaiar^atJon arid growth of subcu- 
taneous tumors in mice (Kim et si,-, 1993}, as did a domb 
n ant -interfering version of the VEGF receptor 2 (Hk-1) 
(fvMauer et a|>, .1.S94); both resets have motivated the 
development of specific VEGF/VEGE-R inhibitors now 
in late stage dmicia? Mite, 

the essentia* rote of angiogenesis is farther supported 
by the a My of an increasing cataiog -oi m^mgloqmlc 
substances to impair the growth of tumor ed is inocu- 
lated subcutaneous^ m mice : ':{f oik man, 1937), Tumors 
arising in cancer- prone transgenic mice are similarly 
susceptible to angiogenic inhibitor:? (Bergers at at, 
1999). 

The ability to Induce and sustain angiogenesis seems 
to be acquired in a discrete step {or steps) during tumor 
devetoproent, via an ^giogsnie switch" from vascular 
quiescence When three transgenic mouse models were 
analyzed throughout muftistep tumorigenesjs, In each 



case angiogenesis was found to be activated in mki- 
stage lesions, prior to the appearance of fuft-bfown tu- 
mors, Similarly, angiogeoesis can be discerned in pre- 
malignant lesions of the humsn cervix breast, and skin 
(mdanocyfes) (Hanahan and Eoikman, 189$); we expect 
that induction of a ng oogenesis wis: prove to bo an early 
to midst ago event In many human cancers . These obser- 
vations, taken toother wfth tbe effects of angiogonesis 
inhibitors, Indicate that neovsscuterkationis a prerequ^ 
site to the rapid clonal expansion associated with the 
formation of macroscopic tumors. 

Tumors appear to activate angiogenic switch by 
changing the balance of angiogenesis inducers and 
counterva^ing inhibilors (Hanahan and Foikman, 
One mmmm strategy for sifting the balance Involves 
altered gene transcription. Many tumors evidence In- 
creased expression of VEGF and/dr FGFs compared to 
their normai n'ssue counterparts, in others., expression 
of endogenous inhsb&ors such as thrombospondm-1 or 
B-intofferon is downregulated. Moreover, both transi- 
dons mav occur, and sodoed bo linked/ \n some tumors 
(Singh or al, 1935; Voipcrt et &L 1997). 

The mechanisms iinderiymo shifts in the baiances be- 
tween cogiogenio reguia tors remain incompleieiy urv 
derstood. in one weif-documented example, the Inhibi- 
tor tftrombospondiivl has been found to positively 
regulated by the p53 tumor suppressor protest m some 
ceii typos Gonsaquendy, tess of pS3 lunction, which 
occurs in most human tumors, can cause thromhospom 
din^l levois to fall iiberahng endotbeliSi cdis from its 
inhibitory effects (Damcron of al., 1994), The V£0Fgene 
is aJso under coirjplextranscriptional eomTOl For exam- 
pie, activation of the rs<; oncogene or loss of the VHL 
tumor suppressor gene in certain eel! types causes 
uproguianon of VEGF expression (Rsk et al ■» 19^5; Max 
wm at ai. f 1999). 

Another dimension of regulation is emerging in the 
form of professes, which can control the bioavailabsfitv 
of angiogenic eotivators and inhibitors. Thus, a variety 
of proteases can re lea so bFGF stored in the EGM 
(Wb^ock et sl f whereas plasmin, a proangio- 
genie component of the dotting system/can deavoi tseif 
into an angiogonesis inhibitor form ealled angjostatin 
(Gstory et ai, 1997) The coordinated expression of pro- 
and antiangiogenic signaiing moJecuies. and their mod- 
ulation by prohaoiysis, appear to reject the complex 
homeoststic reguiat^on of norma S tissue angiogenesis 
and of vascular integrity. 

As is aiready apparent, tumor angiogenesis offers 3 
uniquely atfractjve therapeutJC target, indeed one that 
is shared in common by most and perhaps sli types of 
human tumors. The decade wiif produce a catalog 
of the angiogenic regulatory moiecuSes expressed by 
diffeiren't. ^yp^s. W tumors;, and in many cases, by m^r 
progenitor stages. Use of increasingiy sophisticated 
mouse models wiii make it possible to assign specific 
roles to each of these regulators and to discern the 
moiecular mechanisms that govern meir production and 
activity; Already available evidence indicates that differ- 
ent types of tumor ceiis use distinct moSecuiar strategies 
to activate the angiogenic switch. This raises the ques- 
tion of wherher a single antiangiogenic therapeutic vviii 
suffice to treat all tumor types, or whether an ensemhse 
cif such therapeutics wttl need to be deveioped; each 
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responding so a distinct program of angjogenesis that 
has been developed by a specific disss of human 
tumors. 

Acquired Capability. T&5ue/tovasforvesr»d. Metastasis 
Swr or later during the development of most types 
of human cancer, primary .tumor masses spawn pioneer 
coi&thatittove'ouUnyad.o adjacent tissues, and thence 
travel to distant $&es where they may succeed in found- 
ing new cob raes, These distant settlements of tumor 
cells—metsstsses - srethe cause of. W% of human can- 
cer deaths (Spom 1990S • The ca£aM*ty for invasion and 
metastasis enables cancer ceils ta> escape the primer y 
tumor mass and colonize new terfafovin the body where, 
at least Initially, nutrients and space are not limiting, The 
newly temed metastases arise as amalgams of cancer 
eel is and norma! supporting cells conscripted from the 
host tissue. Like the formation of the primary tumor 
mass, swccesshJ invasion and metastasis depend upon 
all of the other five acquired hallmark capabilities. But 
what additional cellular changes enable the acquisition 
of these final capabMies during tumor igenesis? 

Invasion and metastasis are exceedingly complex 
processes, and their genetic and biochemical determ?- 
nanis remam incompletely understood. At the mecha- 
nistic level they ore closely allied processes, which justi- 
fies their association with one another as one general 
capability of cancer cells. Both utilize sirniiar operational 
strategies. invoking changes In the physical coupling 
of cells to their mlefoenvironment and actuation or ex- 
tfaceifuSar proteases. 

Several classes of proteins Involved in toe tethedng 
of ceils to their surroundings in a tissue are altered in 
ceils possassing invasive or metastatic capabilities The 
affected proteins include cell-cell adhesion roo? scules 
iC AMsj— notably members of the immunoglobulin and 
caidtjrr^d^ which ma- 

dtet$ ceMo<p\ interactions— and integrins, which link 
cells to extracellular matrix substrates. Notabiy ail of 
those "adherence''' interactions convey regulatory sig- 
nals to the ceihtAplin at aL 19S8). The most widely 
observed alteration in ceJWo-envjranmont intar^cn'ons 
in can car invoices E cadhenn, a homotypie celiRvceii 
interaction mofecute ubiquitousiy expressed on epithe- 
lial cells. Coupling between adjacent celis by E~cadhedn 
bridges results m the transmission of antigrowth and 
other signals via cytoplasmic contacts with |Vcatenin 
to Intracellular signaling circuits that include the Le.f/ 
Tcf transcription factor (Chr:r>tafori and Semts 199% 
E-cadhehn fanction is apparonUy lost in a majority of 
epithelial cancers, by mechanisms thai include muta- 
tional macir/ation of the E-cadhenn or p-catenin genes, 
transcriptional repression, or proteolysis of the extract 
Mm cadhenn domain (Chnsiof or i and Semb,. 1999). 
Forced expression of £-cadnerm m cultured cancer ceils 
and in a transgenic mouse modei of carcinogenesis im- 
pairs Invasive and metastatic phahoiypes, whereas in- 
terference with E-cadhodn function enhances both 
capabilities (Chdstoferl and Sernb, 1099). Thus, E-cacK 
harin serves as a wida?y acting suppressor of invasion 
and metastasis by epHhetiaf cancers, and its functional 
elimination represents a key step in the acquisition of 
this capability. 



Changes m expression of C AMs in the inanunpglobu- 
im superfamay also appear to play critseai rotes in the 
processes of invasion and a^etastasrs (Johnson, '3W%. 
The dearest case involves N-CAiV1, which undergoes a 
switch in expression Irorn a highly adheshre jsoforrh to 
poorly adhesive (or even repulsive) forms m Wilms' tu- 
mor, myoblastoma, and smatt cell tog cancer (John- 
son, 1991; Kaiser at at, 1996} and reduction in overall 
expression lave! in invasive pancreatic and eoioreeta 1 
cancers (Fogar et aL T397j< Experiments m transgenic 
mice support a functional role for the norma* adhesive 
form of U-CAM in suppressing metastasis (Pad et aJ„ 

Changes m inteerm expression are also *5Vid<5nt in 
invasive and metastatic ceils / Invading and metasiasi^- 
ing cancer cells experience cfranglpg tissue microenvi- 
ron moms dunne their journeys, which can present r^ovei 
matrix components. Accordingly, successful cofenka- 
tion of these new sites (both local and distant) demands 
adaptation which is ach^aveti throsjgh shifts in the spec- 
trum of integnn a or ^ subun^ts displayed by the migrat- 
ing ceils. These novel permutations resuft in different 
Inta^dn subtypes tof which there are greater than 22) 
having distinct substrare preferances, Thus, carcinoma 
ceils facilitate invasion by shifttng their expression of 
integrins from those that favor the HM present in nor- 
mai^pithe?ium to other inteouns {e,g. T >;3pl and oV^3) 
that prefcrentiaily bmd the degraded stromal compo- 
nents produced by extraceHuiar proteases (Varner and 
Cheresh; 1996; LuKashev end Werb, 199B). Forced ex- 
pression of integda suhunits in cultured ceHs can induce 
or inhiha invasive and metastatic behavior, c<snsistent 
with a ro^a of tf^ese receptors in acting as central deter- 
minants oFthese processes (vamer and Cheresh, 1996}. 

Attempts at explaining the cell h?oJogieai effects of 
integhns in terms of a small number of mechanistic rules 
have been confounded by the large number of distinct 
integrin genes, by the even iarger number of heteredi- 
marie rec a ptors result ing from combin at onal express ion 
ot various a and B receptor subunftsr and by the increas- 
ing evidence of complex signals emiued by the cyto- 
plasmic domains of these receptors (ApYm 19S8; 
Gisncolt! and Ruosfahti. wmi Sm, there is JftSe doubt 
that these receptors psay central roles in the capability 
for tissue invasion and metastases. 

The second general pa rameier of the invasive and 
metastatic capability involves axt?raceliuJar proteases 
(Coussens and Werb< 1996; Chambers and Matrtsian, 
1997). Protease genes are up^eg^ated. protease inhfei- 
tor genes are downreguiatad, and inactive zymogen 
forms of proteases are converted into active enzymes, 
Matrix-dagradaig proteases are characteristicaliy asso- 
dated- with the cell surface, by synthesis with a trans- 
membrane •dpr^ajn, beidsng to speci^c protease re- 
ceptors, or association with iniegrins {vVerb.. 1997; 
Stellar Stevenson, 1999). One imagines that docking of 
active proteases on the cell surface can facilitate inva- 
sion- by cancer cells into nearby stroma, across blood 
vessel walls, and through normal epithelial cell layers 
That notion notwithstanding, It is difficult to unambigu- 
ously ascrlba the functions of particular proteases soleiy 
to this capability, given their evident roles in other 
hallmark capabilities, including angiogenesfe {Stetfer- 
Stevenson, and growth signaling {Were, 1997; 
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Figure 4. ParaSJel Pathways of Tyroongew- 

mm we Mav« that- vfrtuafty an csmcets 
must scfyift*6 'tfw saws six h'ijtosrk capabiii- 
ikv> {A}, ifts:; means of dosng- so wf»£ vary sk$- 
fT>f:^<t«t:3y> both ni^hs^sticatty x&hx) sstid 
chtonok^gicaay {Bj. Thus, the. order in which 
tN* C3p3bi3ittes are soqiiSfec seems tety 
'be qufcevgr&bte ' : ^'t>$$ the spgttrumtff can - 
car iypt>s i>rKl subtypes, Mcreovgfi, in-some 

severs* c# polities- ?iffi«Ba>'«eoi«fy< decre&Sr 

toss, of function of .Cfce pS3 ftnttb? suppressor 
can f<t^;ti)Mtto'' 'bf^V^- *KTgiogjEferie*!S_ 'atrttf reste- 
.Mtira&'lft:a^ptesi5 irilJiie.fiv$«r&tfep-.pfath- 
way 'shv>wfij.- .Eif> weti: as efvsb^rk^ the charac- 
teristic of genomic instability, tootte tumors,' 
a c&p&fetitcy .may -only -bfc aeqajred^rougii the 
ceiiabontf ion of two or more -cfcstfoc* genetic 
f;h.^r>:"^s r ihe'oby ^cr^.'^inq the total oombof 
necessary for completion cf u«m>r progres- 
sion. Thus, -if? iiw ^ghtrstep p&famy.^mwn, 
?Ov;}^fon/rr«eb>&tas'is and . ras tstsncti tfc spo* 
ptosfc are fiach acquiree if> tvvo stops. 



Sergers and Coussens, which in .turn contribute 
directly or indirectly to the inv^slve/metastatic capa- 
bility, 

A further d^<snsion of complexity derives 'rem the 
!tftiit£pte ceil lypes involved in protease expression and 
dlsp&y, if! many types of ipareintfroas, matrix- degrading 
proteases are produced not by She -gp&he&ai cancer celts 
bMiratfte^ 

(WerO, once released by these ee^s> they may be 
Wtfclcfgd 'by im carcinoma ceHs For exampte/ certain 
cancer ceils induce urokinase (uPA) expression jn coctsi- 
tured stromal mils, which then binds to the urokinase 
receptor* (uPAR) expressed on the cancer ce^s { Johnsen 
et aL nm. 

The activation o! eKtr^ce^uSar proteases and the al- 
tered binding spodficttfes of cadhenns, CAMs f and ;nte- 
grins sre eleafly eentfSi to the ecquisition of mva^ve- 
ness and metestatic eh^ltYs Bui the regulatory circuits 
and rooteLilar mechanssms thst govern these shifts re- 
meln etesve and. at preset seem to differ from one 
tissue environment to another The acqujred capacity 
for mvasidh and m^tastasfe represents the test great 
frontier for exploratory cancer research. We envision 
that evolving analytje techniques w^isooti makell pos^^ 
ble to construct comprehensive proiltes of the expres- 
sion and functional activities of proteases^ jntegnns, end 
G AStos m s wide variety of cancer types, both before end 
after they acquire invasive and metastatic ahjfities. The 
chetfenge will then be to epp?y the new molecular in- 
sights about tissue invasiveness and metastases to the 
devebpment of effectivs therapeutic strategies; 

Ars £riab|??9 Charactenstic; Ge?-vome Instability 

Ths acquisition of the em;merated six papabflfties 4umg 

me course of tumor progression creates $ disemma. 



directly or Indirectly, through changes in the genomes 
of cancer ce^s. But mutation of specific genes is an 
ine^icierit process, reflecting the unceasing, fastidious 
maintenance of genondc Integrity- hy a complex "array 
of DNA monftonng and repsfr enzymes. These genome 
maintenance teams strive to ensure that BU& sequence 
information remains prts -tine, Karyotype order is guaran- 
teed by yei other watchmen, manmng se-ca^fed check- 
points, that operate at cnticat times in the Me, 
notabiy mitosis. Together, ihese systems ensure thai 
mutations are rare events, indeed so rare that the miM- 
p^e mutations known to he present m tnmor cell ge^ 
nomes are highly unlikely to occur within a h^mars Wte 
span. 

Vet cancers do appear at sufostantsat ??eqyenoyTn 
the human popu Nation., causing some 10 argue that the 
genomes of tumor cells must acquire increased mutabii- 
sty in order for the process of tumor progression 1c reach 
completion in several decades time (loeb, 1 '991) . Mai- 
function of specific components of these genomic 
"caretaker" systems has heen invoked to explain this 
increased mutability Ciersgaue? el at., 1§9B), The most 
^omjnient member of these systems is the p53 tumor 
suppressor protein, which, |n response to Duk damage, 
elicits either cat! cycle arrest to aiiow DUA repair to take 
piace or spoptosis if the damage is excessive. Indeed, ft. 
is now clear that the imict ionmg of the pS2 DMA damage 
signaSnc pathway is ios? in most, if not att, human can- 
cers (Levine> T9ST). Moreo^en s growing number of 
other genes involved •itVserts^g artd r^p^irmg DMA dam- 
age, or in assuring correct chromosomal segregation 
during mitosis, is found to be lost in different cancers, 
labeling these caretakers as tumor suppressors (ten- 
gayer et aL Their loss of function Is envisioned 
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to allow genome mstaP 

atioo of consequently mutant cells with seiaetjve advan- 
tages. Interestingly, reeem evidence suggests that apo- 
ptosis may also be a vsfiicte of ■ genomic- -jnsta&Sty, in 
that DNA within apoptolic celt bodies can be jncorpo- 
rated ?nto neighboring cells Wo^ng priagoctytosjs 
(Holmgren etaL ( 1 999), in principle g^netk.aHy diversify- 
ing any of the conshtuenteeli types of a tumor. We piece 
this, acquired characteristic of genomic Instability apart 
from the six acquired eapabililies assocjatod with burner 
cell phenotype and iurnor physiology; si represents the 
means that enables evolvmg populations of premaiig- 
nam cftfe-io reach these siK bfolo^kra? endpomtSv 

^ternatsve Pathways to Cancer 
The paths that cel:S take on their way to becoming mafig~ 
nan? are highly variable* Within a given cancer type, 
mutation of partiouiar target genes such as ms or pS3 
may be found in only a ^ub$>et of 0thervv{se histologically 
identica: tumors, f urther, mutations to certain onco- 
genes and tumor suppressor genes can occur carry in 
some tumor progression pathways and late in others. As 
a consequence, the acquisition of b?ok>0k:al capabilities 
such as resistance to apoptosis, sustained anologen- 
esis, and unlimited repiiccslive potent^rqan appear at 
different times during these various pro cress ions, Ac- 
cordingly, the particular sequence in which capabilities 
are acquired can vary widely/both among tumors of the 
same type and certainly between tumors of different 
types (Figure A). Furthermore, in certain tumors, a spe- 
cific genetic event may, on its own, contribute oniy par- 
nally to the acquisition of a single capability, while in 
others, this event may aid m the simultaneous acquis^ 
lion of severs! distinct capabilities. Nonetheless, we he- 
&eye that Independent of how the steps In these genetic 
pathways are arradged, the biological endpoints that 
are Ultimately reached— the ha&mark capah&hes of can- 
cer-will prove to he shared in common by a!? types of 
turners. 

Syntheses 

Cancer ee^s propagated in culture and dissected Into 
their molecular components have yielded much of the 
wealth of information that we currently possess about 
the molecular processes underlying cancer develop- 
ment. Yet by simplifying the nature of cancers-por- 
traying jt as a ee I N autonomous process intrinsic to the 
oancer col:— mesa expedment^l models have turned 
thesr back on a central biological realty of tumor forma* 
tion in vivo; cancer development depends upon changes 
in the heterotypic interactions between Incipient tumor 
cells and thesr norms!' neighbors Moreover, once formed r 
virtually ali types of human tumors, including the^r meta- 
static outgrowths, continue to harbor complex mixtures 
of several cee types thai collaborate to create malignant 
growth (Figure 3). This reconcoptuaii nation of cancer 
cell biology has begun to drive profound changes in 
how we study this disease experimentally. Continuing 
elucidation of cancer pathogenesis will depend increas- 
ingly upon heterotypic organ culture systems In vitro 
and evermore refined mouse models m vivo. Looking-' 
ahead into the future, tftese systems will help u$$h#rt- 
comprehensive maps of growth signaling natworks In 
cancer, ah endeavor that will depend on defining all of 



the signals exchanged between the various cell types 
existing symhioticatiy within a tumor mass and knowing 
their effects on the integrated circuits of each of those 
cell types 

Our ability to analyze shd&iduai human cancers at 
the genetic and biochemical levels will also undergo a 
dramatso change. At present, description of a reeenuy 
diagnosed tumor in terms of its underlying genetic le- 
sions remains a distant prospect. Nonetheless, we look 
ahead 10 or 20 years to the time when the diagnosis of 
all the somatically acquired lesions present in a tumor 
cell genome become a- ro^ne procedure, By then, 
genome-wide gene expression profiles of tumor cells 
will also be routine. With alMNs information in hand, it 
will become possible to test dennrhve;y our proposition 
that the development of all types of human tumor cells 
is governed by a common set of rules such as those 
implied by the six acquired capabilities enumerated 
here. 

We anticipate tar deeper insight into the roles played 
by inherited alleles In cancer susceptibility and patho - 
genesis. At present, our understanding o? the interplay 
at the celluiar level het^een inherited cancer modifier 
genes with oncogenes and tumor suppressor genes that 
are altered somatically is rudimentary; modifiers can in 
principle act m any of the constituent ceil types of a 
tumor, or elsewhere In the body, whereas the dassicai 
cancer genes largely act in the cancer cells themselves; 
These gaps will W bridged in part by new informatics 
technologies, enabling us to process and interpret the 
inundation of genetic information that w$ soon flow from 
automated sequencing instruments. New technologies 
will also aid us in rationalizing the complex constella- 
tions of interacting alleles sn terms of a syslematics of 
cancer formation of the type that we propose here. 

The metaphors used to conceptualize cancer cell 
function will also shift dramatically, For decades now, 
we have been abie to predict with precision the behavior 
of an electronic integrated circuit in terms of its constit- 
uent parts— interconnecting components, each re- 
sponsible for acquiring, processing, and emlttJno signals 
according to a precisely defined set of rules. Two de- 
cades from now, having fully charted the wiring dia- 
grams of every cellular signaling pathway, k will he pos- 
sible to lay out the complete integrated circuit of the 
cell" upon its current outline (figure 2). We will then be 
able to apply the tools of mathematical modeling m 
explain how specific genetic Wessons serve to reprogram 
this integrated circuit in each of the constituent cell 
types so as to manifest cancer. 

With hoiishc clarity of mechanism, cancer prognosis 
and treatment will become a ration at science, unrecog- 
nizable by current prachu'onersi It with be possible to 
understand with precision how and why treatment regi- 
mens and specific antitumor drugs succeed or Ml We 
envision anticancer drugs targeted to each of the hall- 
mark capabilities of cancer; some, used in appropriate 
combinations andjn concert with sophisticated techno! - 
ogles to detect and identify all stages of disease pro- 
gression, m\i be able to prevent incipient cancers from 
developing, while others will cure preexisting cancers, 
elusive goals at present. One day, we imagine that can- 
cer biology and treatment— at present, a patchwork quilt 
of cell biology, genetics, histepathotogy, bsochemistry, 



eea 

68 



Immunology* and pharmacology-"^ oecoms a scj- 
^tiee with a conceptyas .structure and io^caS coherence 
that twais that of chemistry or physics. 
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tote of Programmed f Ap^ptetlc) Ceil Eteatti 
Hiirifig the Pragressfcn and Tterapf fer 
Prostate Cancer 

Samuel JL Denxrteade, Xteohra S, lm, and Jolin T. Isaacs 

johm Hopkim Qmohgg Cmmr (IRQ,, XS±,jXL} md prm$ Bmhanm Brady 
Umiogmi k$£$mm (IJl} s Johm HopkimSckml &f J^mm y Bakkmre, Maryknd 

ABSTRACT; Cells possess within their epigeae tic repertoire the ability to undergo an 
active process of eeMar snidde termed programmed (or apoptotsc) cell death. This pro- 
grammed cell death process involves an epigenetic ^programMitig of the cell that results in 
m ^mx^^Mp^ndmt cascade of hsoch^ 

tosis) m&m Ihe ceil, result^ in M d^ath and #mma to, Although She final steps 0.e>, 
DMA and cellular fragmentation) are cammed to cells orjdergotng programmed cell death, 
the activation of this death process is initialed either by gnificsent injury to the ce& induced 
byvmom exogenous damaging agents (e.g., radiate^^ chesmc^s, vimses) or by changes m 
the Jevds of a s&'des of endogenous signals {e g , hormones growth/swravai factors). 
Within the prostate, androgens are capable of both stimulating prollfeao^n w«0 as 
mhlhifeg the rak of the glarsd&i^f epithdial cell death, Androgen withdrawal triggers the 
programmed cell death pathway in "both normal prostate |rJando$are^^ 
dependent pmstate cancer celb. ABdroge&~independe:o£ prostate cancer cells do not initiate 
the programmed cell death pathway upon androgen ablation; however, they do retahi the 
celhilar kaehlBery necessary to activate the programmed eel! death cascade when suffi- 
ciently damaged by oogenous agents, In the norn^ prostate epithetem, cell prohfsraiion 
m balanced by m eq^al rate of programmed cell death, such thai neither mvobhon nor 
overgrowth norma! occurs. In prostatic cancer however, this balance is lost, mch that there 
55 greater proMferatfon than death producing eon&^oms net growth. Thus, ml smhalance m 
fro^mmd cell death must occar during prostatic cancer progression. The goal of elective 
tMrapy rbr prostate cancer, therefore, is to correct this imbalance. UnlominateSy, this has 
not been achieved and metastatic prostatic cancer Is still a lethal disease for wHirfh no 
curative therapy Is currently a vaikhle. In order to develop sud% effective therapy, m un- 
derstanding of the programmed death pathway, and what controls it, is critical. Thus, a 
review oi the present s&te of knowledge co^cermng progra?n?ned cell death of normal and 
malignant prc&tstk cells will be presented. ® 19% WMeyTiss/ Ine 

MY spoils, programmed cell death, prostate cancer 



The stady of programmed eel! death/apoptosis in 
both the normal prostate gbnd and In prostate cancer 
has become a major area of prostate research. The 
piestate gland affords a imique opportumty to study 
prograrnmed ceil death during the normal process of 
giandisl&r self-renewal. At ^ Bmie the pros- 
tate represents an isnparalteled system for studying 
the mechanisms of programmed cell death m neopla- 



sia, both in terms of response to arxmirj&Oy effective 
therapy, androgen ablation, and m subsequent mm- 
tartce to pmgrarnmed ceil d<eath with progression to 
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an a^drog«n-mdepende?itsta^e. Currently, nearly all 
men with metastatic prostate cancer trea ted with sur- 
gical or medical castration have m initial beneficial 
response to androgen withdrawal While this Imdal 
response has substantial .palliative value, almost all 
treated patients relapse to an androgen-insensitive 
state. Unfortunately, once prostate earner progresses 
to become androgen independent, it is emformly fa- 
tal because no elfecfee spteiy?k: therapy currency 
exists* Armu&My, an estimated American mm 

will die from prostate Ilf* This number repre- 
sent 15% of all cancer <feths for men, making pros- 
tate cancer the second leading cause of cancer deaths 
in mafes [I]. Even more starting k .-the fact that ap- 
proxkns tely one out of every three newly diagnosed 
cancers In men will be due to prostate cancer [1]. 
Therefore, understanding iM tmdmmmm of pro- 
grammed cell death could prove eri&al to developing 
new, effective therapies for prostate cancer, 

Unlike the dialled framework feat is rapidly be- 
coming defined m both molecular and cell biological 
terms for eel proliferation, an understanding of what 
initiates cell death and what the celhiM mechanics 
are for this process is just bfegirmiftg- Cell death can 
involve processes that are equal m complexity and 
regulation to those involved m cell proliferate*. This 
knowledge has been appreciated for a number of 
years by developmental biologists- This gtoup of sci- 
entists corned the term prograMrned cell death to dis- 
tinguish the active, orderly, and ceO> type-specific 
death observed in developing organisms from ne- 
crotic: ceil death, Necrotic death Is a response to 
pa thologk changes in! tiated outside of the cell and 
can be elicited by any of a large series of factors that 
result in si change in the plasma memhras^e perme- 
ability. This increased plasma membrane permeabil- 
ity results m cellular ederna and In the eventual os~ 
mohc lysis of the est. In necrotic cell death, the cell 
has a passive role in initiating the process of death. 
On the contrary, m programmed eel! death, a cell 
undergoes an energy-dependent process of cellular 
suicide initiated by specific signals in an otherwise 
norrnal i^i<Toenyin>nmeriL In programmed cell death 
the cell is an active participant in its own demisel^S], 

Programmed cell death is a widespread phenom- 
enon occaring normally at different stages of mor- 
phogenesis, growth and development of metazoans, 
and in normal turnover in adnlt tissue [4\. Under 
these physiologic conditions, programmed cell death 
is initiated in specific cell types by both endogenous 
tissue-speeMk agents (generally hormones) and exog- 
enous ceM&magmg treateeMs (e.g., radiation, 
chemicals, and vin^s). Endogenous activation of 
programmed cell death can occur due to either the 
positive presence of a ti$sue-$p€dfie indt*eer such as 



the induction of death in immature thymocytes by 
glucocorticoids [5] or to the negative lack of a tissue- 
specific repressor such as induction of death of pros- 
tatic glandular cells by androgen ablation {6|, Once 
initiated, programmed eel! death leads to a cascade of 
biochemical and morphological events that result m 
irreversible degradation of the genomic DMA into 
discontinuous nucisosomai repeat ladders with sub- 
secant fmgrnentation of the cell. The morphologic 
pathway for programmed cell death is rathe? stereo- 
typical and has been given the name apoptosis to 
<&tinguish this process form necrotic cell death 12,3], 
DHA is also degraded during necrotic cell death; 
however, £hi$ is a ht$ event in necrotic cells whose 
plasma and internal membranes have already lysed. 
In necrotic death, DMA is degraded into a continuous 
spectrum of sizes as a residt of the simultaneous ac- 
tion of lysosomal protases and nucleases released in 
dead cells fSf. 

Apoptosis was originally defined by Kerr etal {2} 
as the orderly and characteristic sequence of struc- 
tural changes resulting in the programmed death of 
the cell Morphologically, apoptoss is charactered 
by a fernporal sequence of events insisting of chro- 
matin aggregatson, nuciear and endoplasmic conden- 
sation, and eventual feagmentation of the dying ceE 
into a duster of membrane-bound segments (apop- 
tone bodies) that often contain morphologicaliy miact 
organelles > " These apoplo&c todies are rapidly recog- 
nized, phagocytMd, and digested by either macro- 
phages or adjacent epithelial cells, 3rt programmed 
ceil death, the cell also progresses through an orderly 
series of biochemical arid molecular changes, similar 
to the sequential changes involved m progression 
through the pmllferative cell cyde (Big> 1), The hail- 
mark of the programmed cell death process is the 
fragmentation of genomic DMA* an irreversible event 
that commits the cell to die and occurs before changes 
in plasma and mtemal membrane permeability |4~7J. 
This period of DNA fragntent^tiori (the f phase) (Fig. 
1} can be used to divide the temporal series of events 
involved in programmed cell death, much as the pe- 
riod of DNA synthesis (the S phase) is used to divide 
the proliferative cell cycle. The overall cell cy decon- 
trolling cell number is thus composed of a muMeanv 
partment system in which the cell has at feast three 
possible options (Fig. !}. The cell can be (!) metaboh 
jcally active but not undergoing either proliferation or 
death (CJ^ cell}; p) undergoing cell proliferation (G^ to 
mitosis); or (3) undergoing cell death by either the 
programmed pathway {G 0 -Ol-F-D2 apoptotie cellular 
fragmentation) or the nonprograB\med (necrotic) 
pathway |8], The endogenous systemic and local 
growth factor signals that regulate the progression 
within this eel! cycle are eel! type spedfsc and are 
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iiniqisely determined as part of fee differentiated 
phenotype of the particular cell Thus the same 
growth lactor {e,g. y IGf ^ ^ e either agonistic 
or antagonistic effect within the ceil cycle for differ- 
eni cell types, Therefore the spedfk details of the 
regulatory pathway for the cell cycle vary between 
different cell types, 

mcmmmmm cell ©e&th oFWiia 

|i«pSf AtlC SstAMDyyyi CELLS FOli-OWlSW 

In the normal adult prostate, the epithelial cells 
are continuously turning over with teme [9,10]. In 
this self-renewing condition., the rate of prostatic ceB 
death Is balanced by art equal rate of prostatic cell 
proliferation such that either involution m over- 
growth of the gland normally occurs {9 f lQ}. if an 
adult 3imk is castotedx the serum testosterone level 
mpidly decreases to below a critical value [6,11]. As a 
result, the prostate rapidly involutes due to a mafor 
losBin the gtod^kr eptheliai ceils., but not the basal 
epithelial or stromal cells of the prostate [12]* Only 
the glandular epithelial cells are androgen dependent 
and undergo programmed cell death following 
castration [12]. TThe chronic requirements lor andro- 
gen by the giandute epitheha is due to the feet that 
androgens can act as agonists and antagonists by 
Mrnidla&eoi&Iy stfm^atmg the rate of eel! prolifera- 
tion while i^hlhlfeig the rate of cell death JS;?I>. 

In fee ventral prostate of an Intact aduit rat, 



glandular cells contain androgen receptor £ 13] and 
constitute approximately 80% of the tola! cells f'12},. 
Approximately 70% of these glandular cells die by 7 
days postcasitation [12] < Using the ventral prostate 
of the rat as a mode! system, the temporal §e*ju£ntce 
of events involved in the programmed cell death 
pathway induced fey androgen ablation has begun to 
be defined. In the aBdrogen-mainiamed ventral 
prostate of an intact adult male rat, the ra te of ceil 
death Is very low, approximalefy 1-2% per day; this 
low rate ss balanced by an equally low rate of ceil 
proliferation, also per day $,10], If animals are 
castrated, the serum testosterone level drops to less 
than 10% ot the intact control valu^ within 2 hr |6], 
By 6 hr poste&stration, the serum testosterone level is 
only 12% of intact control [6]* By 12-24 hr foOowing 
castration, the prostatic dihydrotestosterone {DHT) 
levels (Le., the active intracellular androgen in 
prostatic cells) are only 5% of Intact control values. 
Tfeislowerlng of prostatic dihydrotestosterene (DHT) 
leads to changes in nuclear androgen receptor 
function {Le, by 12 hr after castration, androgen 
receptors are no longer retained in biochemically 
Isolated ventral prostatic xnidei) [6]> While the 
towering of prostatic DHT and resultant androgen 
receptor changes are maximal by 24 hr posteastra- 
tfcm, the progs^mmed death of the prostatic glands 
iar cells occurs continuously dunng the first 2 weeks 
postcastration. 

These observations demonstrate that the reduction 
of occupancy of the androgen re^ptor by DHT is not 
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sufficient alone to activate programmed cell death of 
fee glandular cells. Likewise, the temporally asyn- 
chronous nature of the de&ih demonstrates that acti- 
vation of programmed death of glandular cells is ■ini- 
tiated whm some other ceUnlar survival facto? 
besides DBT, whose level i$ regulated by 0HT, de- 
creases to a critical level. An excellent candidate ior 
such a DliT-de|>endeni sur*wal (actor is the androm- 
edin peptide fecior, temfeocyte growth factor nor- 
mally produced and secreted by prostatic stromal 
cells under the stimulate of androgen [14], Qnee 
the level of such peptide survival factors decreases to 
below a critical level within a particular glandular ceil> 
a major eplgenetic repragrarninmg of this cell occurs, 
resulting in the activation phase 01} of the pro- 
grammed death pathway (Fi^ 1), 

During this Dl-activ^tiori phase, (DIa phase) (Fig. 
2), the earliest events that can be seen upon androgen 
withdrawal are mhibMDn of glandular cell prolifera- 
tion |15] coupled with a genera&ed atrophy of these 
secretory cells in individual acini 116,17] (Fig. 2). Uni- 
versally, tall columnar secretory cells rapidly shrink 
and become osboidaS in shape within 24 hr of andro- 
gen deprivation / Ck3^ciirrent with these global mm- 
pMogical changes is the initial downregulation of a 
series of proteins (described later). At this stage the 
process is completely reversible simply by replace- 
ment of exogenous androgen 118,19]. After this point; 
indmdual cells stochas&cany enter the Dlb phase 
(Fig. 2) during which the activated cells morphologi- 
cally ro^d up and tmdergo changes in nuclear chro- 
iaatm structure. During this phase, a series of pro- 
teins become upregul&ted and polyamlne levels 
decrease |20|, An increase in Intracellular c&idum lev- 
els also occurs that appears to he derived from extra- 
cellular pooIs {21>22]» The mechanism to 
change m intracellular calcium is not hilly known; 
however, there are i&dkadons that enhanced expres- 
sion o£ TGF-p r miSN A and protein [23] as well as the 
receptor for TOF-f^ [23] following castetian are 
somehow evolved. 

With coRtinused androgen deprivation, prostatic 
glandular epithelial rails undergo a further series of 
changes that result m an irreversible progression 
through the programmed cell death pathway , During 
the t>lb phase (Fig> 2) t 0 2 ^/Mg^^ endo- 
nuclease present within the nuclei of the prostatic 
glandular cells are enzymatically activated f21j. Lev- 
els of both h^tone and polyamines are decreased 
during this Dlb phase |24^25J. Both are involved in 
rnamtaimng DMA compaction f 26, 27]; a decrease in 
their respective levels allows for opening of the ge- 
nomic DN A conformation pardeislarfy Jn the inter* 
linking region between nucteosornes, Once this oc- 
curs, ON A feagmentation begins at sites located 



between rnsdeosomal units (Le„ ¥ phase of Fig, 2} 
and cell death is no longer rev&mMe. Recent unpub- 
lished studies using inverted pulse-ge! electrophore- 
sis have demonstrated the initial DMA fragrneniation 
produces 390- to 50~kb DMA pieces. Once formed, 
these 300- to 50-kb size pieces are farther degraded 
into nucieosonial mm pieces {i>e.> >lkb}< During F 
phase, the plasma and lysosomal mcmbrane§ are still 
intact and mitochondna are still runctiortai {12% 

Subsequent to F phase, proteases are activated 
during the D2a phase, Including the ICE4&e pro- 
teases that hydrolyzes poiy(ADP-nb0se) polymerase 
(PARF) [28,29]. In addition, other IGE4ike protases 
degrade the kminins in the nuctear membrane and 
the nucleus itself undergoes feagmenia tkm [28, 29J . 
Subsequent to the nuclear fragmenM1on> plasma 
membrane btebhing, and ceUufer fragmentation into 
dusters of membrane-bound appp totk bodies occur, 
This D2b phase Involves an upreguiatien in the Ca 2 ^ 
dependent tissue transglutaminase activity which 
crosslinks various membrane proteins [30]. Once 
formed, these apopiotie bodies are rapidly phagoey- 
tized, during the 02c phase, by macrophages and/or 
neighboring epithelial cells '{1-2;163. This phagocytosis 
is induced by changes in the membrane phospholip- 
ids in the apoptotic 

the phagocytic cells [311, Thus, within 7-10 days post* 
castration S0% of the glandular epithetiai cells die and 
are eliminated from the rat prostate fi2]. 
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The expression of a series of genes are upregulated 
during the Dlb phase of programmed death by pros- 
mk gbndnkr cells induced by androgen ablation 
(labie I), TRPM-2, [38] calmodulin [39], and tissue 
transglutaminase 130] have also previously been dem- 
onstrated to foe induced in a variety of other cdl types 
undergoing programxned cell death. At the same 
fee, several of the gene$ (i.e., c-mifc, H-ms} have 
previously foeen demonstrated to be involved in mil 
proliferation. Thus, as a compamon, the relative 
level of expression of these same genes was deter- 
mined during the androgen-induced proliferation re- 
growth of the involuted prostate in animals previa 
ously castrated 1 week before beginning androgen 
replacement. These comparative results demonstrate 
that the expression of c-m^c, H m$, and tissue trans- 
glutaminase are enhanced both in prostatic cell death 
and in proliferation |37|. By contrast the expression 
of cahnoduHn, TRFM-2, TG£~^ [37], giotathione 
S-tntnsferase suhunh ¥b 5 |33], and ^prothymosin 
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|37] are enhanced only during prostatic cell death, 
and not prostatic ceil proliferation (Table I), 

Additional analysis demonstrated that the expres- 
sion of a '-series of genes are decreased during fee DI a 
phase following castration (Table I). For example, the 
C 3 stsbtmst of trie proststdn g«ne (Le>, the major 
secretory protein of the glandular ceils), ornithine de- 
carboxylase |ODQ, Mstone-M^ p53, and ghrcose- 
regulated protein 78 all decrease following castration 
[3% In cmtmst io the decrease m the rnRNA expres- 
sion of these latter genes during programmed ceil 
death in the prostate Mowing castration, the expres- 
sion of each of these genes is enhanced during the 
androgen-induced prostatic cell prolsferaticsn [37] . 

H0l£ CELL 'PROilFERATiON 1^1 

INDUCED BY : ' CASTRATION 

Using the terminal transferase end-labeling tech- 
mqueof SavrfeM«taL to histological detect pros- 
tatic glandular tells undergoing programmed death 
and adjusting for the half-life of detection of these 
dying cells, the percentage of glandular ceISs dying 
per day via pmgra^meid -dt&th-ln the' -p*0iMfise : of iii- 
tact and castrated rats was determined P], in intact 
(nan castrated) rafe 1. 2% of the glandular ceils die 



per clay via {K&gjpaj^^ Srst day 

following castratiDn,, this percentage increases and a! 
day s 2-5 |Wtca$rrariQn, *~ 17—21 % of these glandular 
cells die per day via programmed death. These re- 
sults demonstrate that both the norms! constitutive 
and androgen ablation-induced eMimna&m of glan- 
diilar ceils ln the prostate is due to the programmed 
..ceil death, and not to ceKular necrosis. 

Using standard In \1vo 3 H^thyr^dme poise label- 
ling, the percent of gbndukr ceils entering the S 
phase during fee period of enhanced 
death that occurs dialing the first week|K5Stcastetian 
was determined . Within 1 day following castration, 
thes is an 80% decrease (P<0>SS) in tite percentage 
of gtendul&r mils entering S phase > By 4 days follow- 
ing castration J there is more than a 98 % reduction m 
this value. Comparing the daM demonstrates that 
greater than 98% of prostatic glandular ceEs die tol- 
lowing castration without entering the proliferative 
cell cycle. These results confirm the previous studies 
of Sttaas and Helpap [41] and Evans and Chandler 
{42$, which likewise demonstrated a decrease in the 
percent of prostatic glandular cells in S phase follow- 
ing castration. 

During progmrnrned call death activated by casfra~ 
tion donbie-stranded DMA fraginent^tion of genomic 
DMA omxtB and induces a k& process of DMA re- 
pair whsle cells remain in G^. This futile process of 
DMA repair has been shown to only be associated 
with, but not causally required for, prostatic cell 
death . This was demonstra ted by treating in tad male 
rats with tridaiiy hydroxyurea for 1 week, which in- 
iribits both prostate-specific DMA synthesis and on- 
scheduled G 0 DMA repair by more than 90% for 8 hr 
following : an intraperitoneal injecliort [8] , Castra tion of 
these rats resnl md in similar reductions in DMA con- 
tent and identical glandular morphologic changes., as 
compared So untreated, castrated controls. These re- 
sal ts confirm that programmed ceil deafe of prostatic 
glandular ceils induced by Androgen ablation does not 
re^usre pmgression through S phase or DHA re- 
p^sj. 

To determine whether androgen ablation-indaced 
programmed cell death of prostatic glandular cells hi- 
volves recruitment of nonprolifemtmg cells Into early 
portion of G> oi a perturbed proMeratlve ceil cycle, 
rat vsntra! prostates were assessed temporally foiow- 
ing castration for several stereotypical mokcular stig- 
mata of erttry teto the proliferate ceil cycle {431 
Northern blot analysts was used to assess levels oi 
transcripts from genes characteristically activated: (!) 
during the transition from quiescence (C 0 ) into G t of 
the prdsferative c^H cycle (cyclm D p and cfdrn Q; (2) 
:dtii3ng : ; -.the. 'transition from G l to S (cyclrn cdk2, 
thymidine kinase, and histo^e); and (3) dtirirtg 
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progression thsroiigh S (cydin A)* While levels of each 
'hi these transcripts Increa sed as expected in prostatic 
glandular cells stimu&ied to proliferate by adminis- 
traticm of exogenous androgen to previously cas- 
ttotedtito, levels of the same transcripts decreased m 
prostatic glandular cells Induced to undergo pro- 
grammed cell death following an^ogers withdrawal 
[43], Likewise, androgen al)kto4^du€^d pro- 
grammed cell death of prostatic gkndufer cells wa§ 
not accompanied by mtinobkstorna (Rb) protein 
phosphorylation characteristic of progression from 
G s to S. This is consistent with a decreasein the num- 
ber of cells entering S cells mm% 3 B~thy3mdine radio- 
autography. hfndear « on assays demonstrated 
that there is no increase in the prostatic rate of tar*- 
solption of the c-myc and e$?s gems following cas- 
tration; Northern and Western blot analysis also 
demonstrated feat there is no increase in the prostatic 
p53 mRMA or protdh content per ceil f olio wing an- 
drogen ablaSion. Lsk^wise> following castration there 
Is no enhanced prostatic expression of the WAP!/ 
QFi gene, a gene whose expression is known to fee 
Induced by either incased p§3 protein levels or en- 
trance into G 3 |43]> These results demonstrate that 
prostatic glandular cells imdergo programmed cell 
death In G G without recmiteenriritQ G 3 phase of a 
defective ceil cyde and that art increase in pSS protein 
or its function are not involved. an. this death process 

To investigate further the possible role of the p53 
gene in the programmed cell death pathway induced 
by androgen ablation, the extent of programmed 
death of androgen-dependeni cells in the prostate 
and seminal vesicles following castration was com- 
pared between wild-^pe and p53^eBci£nt mice. The 
mutant mice were established using homologous re- 
conciliation to produce null mutation in both of the 
pS3 alleles |441. These homozygous null mutations 
prevent any production of p53 protein in these mice 
[44], Wild-type p53 expressing) mice and p§3~ 
deficient mice were castmt^d, and after 10 days the 
animals were killed and their seminal vesicles and 
prostates removed, weighted, and DMA content de- 
termined. Histological sections were also prepared 
from each of these tissues. These analyses demon- 
strated that there is an identical decrease in the wet 
weight and DMA content in both the seminal vesicles 
att-d - f)«3MSitidbe-'''^0!m- -wffefct^i^a and pSS-de&dent mice 
[8J. Histological analysis likewise demonstrated an 
identical degree of cellular regression in these tissues 
in the two types of mice {Le,, similar percent of ter* 
minal transferase end-labeled prostatic glandular 
ceils in the two groups of aMmafe)* These stoies 
demonstrate that androgen ablation-induced pro- 
grammed death of androgen dependent cells does 



not retire my involvement of p53 protein expres- 
sion 
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Growth of a cancer is determined by the relation- 
ship between the rate of cell proliferation and the rate 
of ten death. Only when therate of cell proliferation 
is greater than cell death does tumor growth eon- 
hnue. Iffhe rate ^ the 
rate of eeS death, regression of the cancer occurs. 
Metastatic prostate cancers, life the normal prostates 
torn which they arise, are sensitive to androgenic 
sfedation of their grqwth v ifes is due to the pres- 
ence of mdroger^deperident prostatic cancer cells 
within such metastatic patients. These ceils are an- 
drogen dependent since androgen stimulates their 
daly rate of cell proliferation (ie,, Kp) while inhibit- 
ing their daily rate of death (i.e., Kd) [20] , In the 
presence of adequate androgen, conUrttsous net 
growth ol these dependent cells occurs because their 
rate of proliferation exceeds their ra£e of death, By 
contrast, following androgen ablation, androgen-de- 
pendent prostatic cancer cells stop proliferating and 
activate programmed cell death po|. This activation 
results in the elimination of these androgen-depen- 
dent prostatic cancer cells from the patient, smce ml- 
der these conditions their death rate value now ex- 
ceeds their rate of proHfemiion. Because of this 
elimination, 00-90% of ail men with metastatic pros- 
tatic cancer treated wi£h androgen ablation therapy 
have an initial positive response. Eventually, #1 these 
patients relapse to a state unresponsive to farther 
anti-androgen therapy, no matter haw completely 
given [45] v This is due to the heterogeneous present 
of androgen-mdependent prostatic cancer cells 
vrithln such metsst^tac patients, These ktte cells are 
androgen independent, as their rate of proliferation 
exceeds their rate of cell death even after complete 
androgen blockage is performed |46|, 

Attempts to u$e non-androgen^fof&tive chemother- 
apeutk agents to adjust the kinetic parameters of these 
andmgen-independeni prostatsc cancer cells, so that 
their rate of death exceeds their rate of proliferation 
have been remarkable in their lack oi success £47] v The 
agents tested in patients failing androgen ablation 
have been targeted at inducing UNA damage dfceetjy 
or indirectly via inhihi tion of UH& metabolism or re- 
pair, 'These agents are thus critically dependent on an 
adequate rate of proliferation to he cytotoxic |48|. In 
vitro cell cnitij re studies have demonstrated that when 
androgen-lndependent m^tasfe^ prostatic cancer 
cells are rapsdly proliferating (i,e., high Kp value), 
these cells are highly sensitive to the indnclion of 
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pst^ammed cell death vis exposure '.to the same an- 
tiproliferative ehemotherapectSie agent which are of 
limited vatae when used in vivo in prostatic cancer 
patients The pamdo%l>etweenlhe ia vitro and in 
viyo. responsiveness to the same chemotherapeutie 
agents by aBdropB*M<Jepe?ident prostatic cancer 
cells 55 to major differences in the rate of prolif- 
eration occurring |n the two states. Likewise, for che* 
motkmpeutsc agents to be effective, fee cancer ceils 
must have not onfy a critical rate of proliferaiion, jbui 
also a critical sensitivity to induction of ceil death |5Q]. 
The sensitivity io mdm^on of ceM death is reflected in 
the magnitude of the rate of ceE dmth m the untreated 
condition 

The daily rates of ceil pjotifersfen (i.e., Kp) and 
cell death (te^ Kd) were determined far normal, pre- 
malignant, and cancerous prostatic cells within the 
prostate, as well as for prostatic cancer cells in lymph 
node, soft tissue, god bone metastases from un- 
treated and hormonaBy failing patients £50]. These 
data der»nstmte that normal prostatic glandular 
cells have an extremely low (Le<, <G-20% per day)/ 
btit haknced, rate of cell proliferation and death pro- 
dudngaMrnover fee of 590 ± 79 day for these ceils. 
Initial feransfermatfen of these cells into higivgrade 
intraepithelial neoplasia (MlSi), the lesion believed to 
he precursor for prostate cancer^ results in an in- 
creased Kp value with no change in- the Kd value. As 
these early lesions continue to grow into late-stage 
high-grade FIN, their Kd Increases to a point equal - 
ing Kp, This resislts in cessation of net grow th, while 
ixutedng a sixfold increase in the turnover time (ie, 
56 ± 12 days) of these celts, increasing their risk of 
further genetic changes. The transition of late-stage 
Mgh-grade PIN cells into growing localized prostatic 
cancer cells involves no further increase in Kp hut is 
due to a decrease in Kd, resulting in a mean doubling 
time oi 479 ± 56 dam Metastatic prostatic cancer cells 
within lymph nodes of untreated patients have a 
108% increase in their Kp and 40% decrease in their 
Kii values, as compared to localized prostatic canter 
cells producing a mean doubling time of 33 ± 4 days. 
Metastatic prostatic cancer cells in the bony untreated 
patients have a 36% increase in Kp and a 58% de- 
crease in Kd, resulting a mean doubling time of 54 ± 
5 days. In horraonally failing patients, there is no 
further change in Kp. An increase in the Kd for an- 
dmgen-ind^f^ndent prostatic cancer cells is observed 
wiMn soft tissue or bone metastases with reselling 
mean doubling times of 126 ± 21 and 94 * 15 days, 
respectively, in these m&tastk sites. These data dem- 
onstrate that the proliferation rate for androgeB*inde- 
pendent metastatic prostatic cancer cells is very low 
(is*, <3,0%/day), [10] explaining why antiprolifera- 
tive chemotherapy has been of such limited value 



against metastatic prostatic cells. Based on this real- 
izatioo, what is neMedis some type of cy totoxic ther- 
apy that induces the death of androgeMndependent 
prostate cancer cells without reqisiring 
proliferate. 

PTOMW© CELL PS&TH F©H 
PROSTATIC 

Using the h^rnan PC-82 prostatic xenograft system 
as a model, Kyprianoii et al [51 1 demonstrated that 
androgen ablatio^ activates the pathway of pro- 
grammed cell death, not only in normal androgen- 
dependen t prostatic cells, but also in androgen-de- 
pendent human prostatic cancer cells. Using 
hromodeoxyijridine incorporation into DNA to label 
human FC-82 prostatic cancer cells undergoing en- 
trance into the S phase of the proliferative ceO eyde, 
within I day following castration the number of 
prostatic cancer cells entering the S phase declined 
from 8-10% to one-third this initial values (i.€>, to a 
valne 2-3%) and that after 2 days/ the proHferative 
activity declined to below I%(tmpuMlshed data). 
Combining these kiter two studies demonstrated that 
the programmed death of androgen-dependent hsa- 
man prostatic cancer cells induced by androgen abla- 
tion does not require these cells to go through a de- 
fective ceil proliferation cycle but that these cells die 
without leaving G 0 . 

Addition^ studies have demonstrated that andro- 
gen ablation does not induce this programmed death 
process in andrx^nrindependent prostatic career 
cells due to a defect in the inihation step [51], Even 
with this defect, androgen-mdependent prostatic 
cancer cells retain the basic ceMular machinery to un- 
dergo this programmed ceil death pathway . This was 
demonstrated by using a variety of chernotherapeistic 
agents that arrest proliferating andxogen-indepen- 
dent prostatic cancer cells in various phases of the 
proliferative celi cycle (e.g., %, S, or ) and that sub- 
sequently induce their programmed (Le , apoptotic} 
death One explanation for the Inability of andro- 
gen ablation to Induce programmed death of andro- 
gen-independent prostatic cancer cells is that such 
ablation does not induce a sustained elevation in the 
mtracellniar free (C^) levels in these cells. 

The involvement of an increase in intracellular free 
calcium in castration-induced prostate cell death was 
indirectly inferred from studies in which rats were 
castrated and their ventral prostates were immedi- 
ately implanted with either a placebo or a time re- 
leased pellet containing the caiciunt channel blocker 
nifedipine [22,52,S3], Mifedipine is an L type (ie^ 
siow) caicinm channel blocker that inhibits tfce volt- 



age gated influx of cakfem fern extraeelM&r pods 
£54], The tempomi partem of castjatior^-lndtsced pros- 
tatic involution is sigMfkantly flowed in rufedipine* 
treated compared to pMcebo-treated castrated group. 
This rafedlpine4nduced dd&y m prostatic cell death 
is evident at days 3-7 postcastm&m [22>52^ In the 
shsdy by Ms^mmn <m$ Isaacs [22].. the castrated, 
ni^lpine*treated group histologlcaOy showed invo- 
lution of cuboidaJ glandular epithelial ceils like the 
castrated controls; however, the ovemlllnddsnce o£ 
apoptotsc bodies was dsBtmctiveiy reduced in the ni- 
fedipine- treated group, likewise, the degree of DN A 
fragMentatian was also sigrMcantly decreased as 
compared to the castraied-plsc^bo group, and this 
inhibition correlates well with the degree oHnh&ition 
obtained in prostatic weight and DMA lass by nifed- 
ipine [22], II has also been shown that nifedipine 
treatment of castrated anim^fe, whil^ not preventing 
Indoction of certain gems such as TRPM-2, did in- 
hibit Induction o£ *>p$ [52] as well m a series of cas- 
tfation4nduribfe eDMAs that may be involved in an 
apoptosis response g^Be propam in prostate cancer 
cells {531 These studies demonstrated that treat- 
ments thai mhibit a rise irt prostatic taftrf^kr fee 
Ca a+ concentration derived from extracellular pools 
of Ca 2+ decrease the rate -.of programmed cell death 
induced by androgen ablation, Asa corollary to these 
inhibition studies, it has also been demonstrated that 
agents that increase inixaee&!ar Ga 24 ^ (Le., calcmm 
ionophores) can activate prostatic programmed cell 
death, ev^n in the presence of androgen [22]. 

Therefore, androg£n4ndependent prostatic cancer 
cells may not undergo programmed ceil death sec- 
ondary to androgen ablation because such with- 
drawal does not induce an elevation of iniraceMkr 
Ca 2 * in these cells. To test this possibility, androgen- 
independent/ h^lilj^ inetastat^ 
ratprostatk: career cells were chronically exposed in 
Vitro fro varying concentrations of the caJcitim lono- 
phore ionomycin to sustain various levels of elevation 
in the their ta^ [35J. These studies demonstrated that 
an elevation of Ca$ from a starting vatee of 35 nM to 
a value as smaE as only threefold above baseline (Is., 
108 nM) while not inducing imm^diat^ to^dty (i.e., 
death within ^ hr) can induce the death of the cells if 
sustained lor >I2 hr. Temporal analysis demon- 
strated thai elevation in Ca< results in these celis ar- 
resting in Go within 6 42 hr following ionomycin ex- 
posure. Over the next 24 hr, these ceSs begin to 
fragment their genomic DMA initially into 309- to 
SCKkb size pieces, which are farther degraded into 
rraekjosonse-slze pieces; during the next 24- 48 hr, 
these cells undergo cellular fragmentation in apop- 
totic bodies -[55]* Associated with this programmed 
cell death is an eplgenetic reprograrmning of the ceil 



in which the expression of a series of genes (to be 
presented laterals specifically modified, these results 
demonstrate thai even nonproliieratlng andmgen4n~ 
dependent prostatic cancer celis can be induced to 
undergo programmed cell death if a modest elevation 
in the intracelblar free Ca 2 * is sustained for a suifi- 
dent time. Combining these latter ionomydn data 
with the chemotherapy data demonstrates that pro- 
gr&rnmed death of androgen independent prostatic 
cancer cells can be induced in any phase of the cell 
cycle and does not necessarily require progression 
through the prolifemiion cell cycle (i.e., proliferation 
Independent). 

Bd*2 BCPftSSSiOM AN® P§t®£»8S?QN Of 
§*§§0§T&TE CANCEL TO AM 
^©»®gN«l^&gre^OT^T STATE 

The mechanism whereby prostate cells s^rviye an- 
drogen ahktion and become androgen Independent 
is not entirely dear, Androgen4n:dependent prostate 
cancer ceils maintain the ability to undergo pro- 
grammed ceil death; thus, it appears that androgen 
withdrawal fells to initiate the programmed eel! death 
pathway in these cells [SI], Possible mechanisms for 
this failure could involve increased expression of 
genes associated with enhanced cellular survival such 
as bd-2 or mutations in genes such »s that rnay 
he involved in triggering programmed ceil death in 
response to infury or DMA damage. 

The hcl~2 gene Is located on chromosome 18q21 
and encode a rnen\bmne-bound 26^kD protein that 
resides primarily in the outer mitochondrial mem- 
brane, n&dear envelope, and endoplasmic retknliim 
f-56— S8|. bci-2 has been demonstrated to be an onco- 
gene in that its induced overexpression can lead to 
malignant transformation |59>S3]. hoi-2 is tmique 
among the oncogenes, however, in that its expres- 
sion does not enhance the rate ol cell proliferation bxii 
instead decreases the rate of pmgramrned cell death 
161,623* The mechamsm for this inh&itiDn of pro- 
jammed ceH death is bellewd lo be through theabil- 
ity of hcl-2 to heterodimerize with a series of ''death'' 
proteins. One such death protein is termed fccl-2-as- 
socialed x-p rolein, or SAX |6S/64j, When BAX 1$ al- 
lowed to homodimerige within the cell, the rate of 
programmed cell death is enhanced f€3,64]* The anti- 
apoptotie effect of may thus be via in 
such homodimemation throngh heterodimerkation 
with BAK -.(63,64]. bcW protein expression decreases 
th e rate of programmed cell death by malignant he- 
matoposetki lymphopoietic and neurofelastama cells 
induced by a wide variety of ch^notherapeutic drugs 
'[65^68], Enhanced expression of the bc!-2 protein 
likewise can inhibit programmed cell death of epithe- 



Mm-derived c^iis. For example, Levin et &L ^^dem- 
onstrated that oveTexprassson of fee hci-2 protein in- 
duced by DNA transfeetion of an oogenous bd~2 
gene in the Dumping AI~3 rat prostatic cancer ceils 
prevents this prngrarntned death initiated by lytic in- 
fection with the RNA Ssndbis virus. 

Within the epiiheMal eompartxnent of the normal 
prostata, hchl is expressed by the basal epithelial 
cells, neuroendocrine cells, and tlse intra&cinar lym- 
phocytes, but not fey the glandular epithelial cells 
f7lV72], These 1^ ceils are the 

major m&mgm^pen&enl cell type present within 
the gland, and these cells are also the cells of origin 
for most human prostata adenocarcinoma [73]* Mc- 
Donnell si al [70] initially reported that there is a 
sLgnifieandy higher frecruency of expression in 
met&st&tie deposits of a^drogen-mdependent human 
prostatic cancer cells. Similarly, Colomhel et ah [71] 
confirmed the enhanced frequency of bet-2 expres- 
sion in bormone-refective prostate cancer. Shahaik 
et at f 72] have demonstrated thai the malignant pro- 
gression of norma! prostate glandular cells to either 
high-grade PIN or located stage 8 prostate cancer is 
rarely (Q% and .<?%, respect vely) associated with 
M-2 protein expression. Finally, in a more extensive 
stoiy, Fumy a et al. [74] demonstrated that 17% of 
horrnonaiy untreated pafents with pathologically 
disseminated stage Dl disease were bel-2 positive. In 
stage D2 disease, 53% of horrnonaBy untreated and 
42% of hormonal failure patients had bone me- 
tastases thai stained positive for hd-2 with no statis- 
tical difference seen between the two groups [74], In 
this study there was no correlation between histolog- 
ical Gkason grade and bd-2 expression 

In this same study, Fumya et ah [74] determined 
bef-2 expression in a series of eight Dunning R-332? 
rat prostatic cancer sublines* The cancer cells in the 
slowest growing, androgen-responsive, nonmeta- 
static H subline did not have detectable bc!-2 expres- 
sion. If male animals bearing these tumors are cas- 
trated, the H tumor stops net growth for 1-2 months 
and then relapse occurs with the continued growth or 
a subset of pre-existing ^ndrogen-mdependent can- 
cer cells., termed the HIS -subline. While androgen 
independent, the MS subline also does not have de- 
lectable bd~2 expression, A second subline, the G 
subline, is composed of stndrogsn-responsive i hnt 
not -dependent,, cells and, like the H subline, does 
not express hcI-2. However, when animals bearing 
the G tumor are castrated the growth rate slows but 
does hat stop and these slow-growing tumors now 
stain positive for bcl-2. Upregulation of hd-2 follow- 
ing castetion may explain why these cells are only 
androgen responsive and not truly androgen depen- 
dent Finally, 4 out oi 6 (67%) of the androgen-inde- 



pendent cell lines tested bd~2 positive, indicating a 
statistically significant association of bcl-2 expression 
with progression to androgen independence |74j. 

These data demonstrate thai, in both human and 
rat prostate cancer, progression of locafeed cancer to 
the metastatic, andxogemmdependent phenotype is 
associated with increased frequency of bcl-2 expres- 
sion [70-72,74] . However, bd~2 expression is nest an 
absolute requirement for progression as W% of 
lymph node metastases, and 47% of bone metastases 
in hormonaily untreated patients were negative for 
bd~2, while 58% of bone metastes were negative for 
bd-2 in patients failing hormnnal therapy 

Why bcl-2 is only expressed in some, "but. not all, 
androgen-mdependent metastatic tumors is unclear, 
hut several explanations are conceivabk s First, there 
could be mnltipk pathways for progression to an an* 
drogen-independent metastatse phenotype by pros- 
tatic cancer calis, only one .of which is effected by 
bd-2 expression . Alternatively, expression may 
not have a direct sMity to induce the specific devel- 
opment of an androgen-independent metastatic phe- 
notype, but instead have an Indirect ability to in- 
crease survival (clonal expansion) of random genetic 
variants developing stoicastically due to th£ genetic 
instability of prostatic cancer cells [75,76]. Since some 
of these newly developing clones could have the ge- 
netic changes requl red for the &ndrog&n4ndependent 
metastatic phenotype, the increased survival of such 
novel clones stoicastscaSy via fed-2 expression would 
indirectly increase the progression to a more malig- 
nant phenotype. 

Consistent with this indirect mechanism, F^roya 
et ah |74] demonstrated that when bc!-2 nonexpress- 
ing androgen independent, highly metastatic AT-3 
rat prostatic cancer cells were genetically engineered 
to overexpress these cells acquired an increased 
resistance to a variety of noxious insults. The mech- 
anism for how bcl-2 expression induces such a mul- 
tidrug cross-resistant state is unknown, In this sys- 
tem, hd-2 expression did not change the kinetics or 
extent of early (within the first 24 hr) xnKN A induced 
by the various' agents . Nor did such bd-2 expression 
inhibit the eaxly (ie,, within 38 mitt) elevation in Ca< 
induced by ionomycm or thapsigargin .(TG), hd-2 
protein expression did inhibit, however both the ki- 
netics and extent of DNA and cellular fragmentation 
into apoptotic bodies induced after 24 hr of exposure 
to all the agents tested. These results demonstrated 
that bci-2 protein effects a late step in the biochemical 
cascade of programmed cell death commonly in- 
duced by all the viral md chemical agents tested. 
Since the initla! effects of these different agents {Sind- 
bis virus, 5-FrdU, 4HC, ionomycih ; TG) are very dif- 
ierent, this suggests that while the biochemical path- 
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way far initiating programmed cell death can be 
variable, the biochemical pathway fer completing this 
process eventually converges on some common ste- 
reotypic siep(s), at least one of which is inMkited by 
bd-2 expression [77\. 

Finally, alfeongh bd-2 expression appears to be 
associated with progression of both human aM ^ 
dent prostatic cancer cells, an explanation for how 
this occurs is unknown. One mechanism for snch 
bd-2 expression during the progression of prostatic 
cancer could he through defects i n the p$3 tumor sup- 
pressor pathway. Mly&shita eta!. |78] have presented 
evidence that p53 expression decreases the expres- 
sion of bcM and increases the egression of 8a%, 
Such m explanation is consistent with the demon- 
stration by Navone et al. [79] that p53 mutatbns, 
while infrequent in early-stage hnman ■ prostatic can- 
cer (<I0^), arg associated with the progression of 
prostatic c&nw to a horn metastatic 

androgen-lndepertcJent phenotjrpe. In this regard, it 
may be more than simple coinddenee that 58% of 
soch prostatic cancer bone metastases have both p53 
mutation [79J and feei-2 protein expression [74]. Stud- 
ies lo test directly whether p53 mutations and 
protein expression co4ocaiized within the same hn* 
man prostatic cancer cells within bone metastases are 
being performed by dual mnrnmocy tochemkal stain- 
ing. Regardless of these results, it is clear that the 
clinical significance of detectable expression of hcl-2 
by prostate cancer ceils is that it is a predictor or ag- 
gressive cllnscal behavior. Since expression does 
not correlate with Oeason score, immuriocytochem'- 
ical staining for expression may well be an in- 
dependent, and thus useful, adjuvant to histological 
grading to predict the biological behavior of prostatic 
cancers, 

There are at least three ceil proSferatsort-indepen- 
dent methods to ino-easing the death rates of axidro- 
gen-independent prostatic cancer cells. The first ap- 
proach is to stimulate the host immune system to 
evoke or enhance a cytotoxic antitumor response, 
since immune MHing oi target cell death not required 
the target ceik to proliferate* The second approach is 
to block the host development of tumor blood sup- 
ply, Both the growth and metastatic ability of cancers 
are critically dependent on the ability of the cancer 
cells to induce the development of new blood vessels 
(Le, f termed angiogeaesis) f80j. If suecessM, such an 
anMangiogenic approach would limit the growth of 



ai^drogen-indeper^dent prostatic cancer via hypoxia 
induced tmao? eel! death, Indeed, linomide is an 
orally active agent that in preclinical animal models 
inhibits both the developmen t of tumor Mood vessel 
and thiis tumor Mood flow |81|. Because of its antkrt- 
giagenic ability, Hnomide treatment inhibits both the 
growth of primary prostate cancers and the establish- 
ment and growth of metastatic lesions f 81-83], Using 
a series of -rat prostate cancer sublines that differ 
widely in their rate of growth, androgen sensitivity, 
metastatic ability, and degree of morphological dif- 
ferentiation, the therapeutic effects of Mnomide haw 
been demonstrated to be independent of the growth 
rate of these cancers [$2|> 

The third approach is to use an agent that activates 
the programmed cell death pathway within, aridro- 
gen4ndependent prostatic cancer cells, ft has been 
demonstrated that elevation of intracellular Ca 2 * 
with ionophores can induce programmed cell death 
in androgen-independent cells, A second agent that 
has been shown to increase intraeeSiikr Ci ■ to in- 
duce programmed cell death in prostate cancer cell 
lines and may be asefnl in therapy is TG [84,85], a, 
sesquiterpene -y-kctone isolated from the root of the 
nmheSiferous plant Th^kgarg^nm^Ml- Strfes 
have demonstrated that the C& 2 * dependence for TG 
effects m aWhulaMe to the fact that this highly li- 
pophilic agent enters cells and interacts with the 
Ca~*"AXFase present in the endoplasmic retkutam 
(ER) and inhibits its enzymatic activity with an IC^ 
value of 30 tM [881. Snch inhibition is not only effi- 
cient, but also highly specific, since neither the 
plasma membrane nor red blood ceil Ca * ATPase is 
inhibited by TG, even at $M concentrations |8S]> Re* 
c&ntly, it has been demonstrated that sequestered 
Ca* + in the ER is constantly 'leaking'' out Into the 
cytoplasm of the cell and ..that the ER-Ca 24 ^ ATpaseis 
constantly pimping this free Ca 2 "" back into the se- 
questered stores of the ER fSSJ, Tkm, when the cell- 
permeabk TG inhibits the ER-Ca 4 ATpase pump, 
the leaking Ca £ * from the ER is no longer pumped 
back into a sequestered form, resulting in the three- 
to ibnrfold elevation of the Ca^ S*tch a primary ele- 
vation of Ca* leads to a depletion of the ERCa 2 * pool 
and, in many cell types, this results m a signal being 
generated that induces a change in the permeability 
of the plasma me mhrane to extracellular divalent cat- 
ions, particular Ca 2 ^, leading to an influx due to the 
high iree Ca 3 ^ concentration extraeelluiarly (i.e., 1-3 
mM) |8S|> This produces a secondary elevation in the 
that is sustainable (ie, rnin-honns) if the TG Jnhi- 
Mtion is maintained [8B], Based on this background, 
the ability of TG i® sustain an elevation in the Caj and 
to activate programmed cell death in androgen-inde- 
pendent prostate camrer cells was tested. 
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Initially, in vitro testing was performed on a series 
of androgen-mdependenl pmsMk cancer ceil lines of 
rat (i*e>, AT*5.d^)-9irf'.hu^E^n-:(L^,;T^^pr, DU445, 
and PC*§) orlgm. TO was shown in microsomal prep* 
araHans to produce ^9S% inhibition of the ER Ca 
ATFase activity M €&ch of these cell lines [85]* Based 
on these results^ each of ihese fonr eeU lines was 
chronically exposed to 503 nM TG/Usmg ilii* 
orescence ratio measurements, this 1G treatment re- 
suited in a two- to ffiieeWd devatlori in the Ca^ fevels 
from baseline vakes wifein 1-2 min of Initial expo- 
sing and this elevation of €a s was sustainable for 
>24 hr imi 

Chrome exposure of each of fee four distinct an- 
drogea-isKiependeBt prostatic cancer cell lines to 500 
nM TG was found to arrest these cells m the G c /G 3 
phase of the cell cyde. This G^G* arrest was com- 
plete by 24 hr of co^nuous 500 nM TG exposure. It 
was further demonstrated that after a 24-hr kg pe- 
riod, the : cel!$ begin to fragment their DMA (i.e., to 
sises ^309 kb) and that by Mhr of treatment ^95% 
of the cells haw fragmented their DMA, regardless of 
cell line tested fSSJ. The temporal pattern of DMA 
fragmentation was tightly correlated with the foss of 
cfonogenlc ability by the cells lor each of the four cell 
lines (i.e., 72 hr of TG treatment required for 50% of 
the cells to fragment their DNA and 50% loss oftheir 
donogenic ability) [85] > Time-lapse videon^croscopy 
studies demonstrated that mor|?hol0gical changes be- 
gin to ooctir within 3—6 hr of initial TG exposure. By 
24 kr of TG Srestment ceUs are smaller In size and 
rounded in morphology. At 72-420 hr T<3 treatment 
the cells undergo a period of pksma membrane hy- 
peractivity characterised by the production of plasma 
membrane Mebhing |SS], These smiace blebs are 
highly dynamic, corning and going on the surface 
and giving appearance of the m^inbrane boiling pre- 
viously reported for lonomydn-induced programmed 
ceE death of AX--3 prostatic cancer ceils [22]- These 
combined results demonstrate that the initiation of 
DMA fragmentation Is occurrmg iri vlabie nonprol!^ 
erating (Le„ G^G*) ceOs kmt each of the four distinct 
androgen-independent prostatic cancer ceil lines 
tested, 24-48 hr before these ceil lyse, and that this 
DMA fragmentation Is not the result of a loss of met- 
afeolic viability loss of mitochbndnal or plasma 
membrane fenction). By contrast,, the data are cenv 
sistent with the initiation of DMA fragmentation as 
the irreversible commitment step in the TG-induced 
programmed death of ne^proliferating androgen4n~ 
dependent rodent or human prostatic cancer cells. 

Analysis of mRN A expression of the series of genes 
previougJy demonstrated to be enhanced during the 
programmed ceS death of normal prostatic eels In- 
duced by androgen ablation demonstrated that TG 



treatment of androgen independent prostatic cancer 
ceMMkewise leads to an epigenetie rspio^mming of 
the ceils, AT~3 m t prostatic aancer celk were treated at 
0-36 h with either 500 nM TG, 10 |tM ianomycm, or 
100 liMS-BuordeoxynH^^ we 
have demonstxated that prostatic cancer tells must 
progress through the proEferative eel! cyde in order 
for S^rdU to induce Ihelr programmed cell death [51], 
By contrast, TG and ionornycm induce the prolifera- 
Uon-independeni programmed death of G Q cells. 
These results demonstrate that within 1 hr of either TG 
or lonomycin treatment expression of several of these 
genes is already elevated (e.g,, a-prothymosin, cal- 
modulin, ornithine decarboxylase f OBCj) and that by 
6 hr addiUonal genss expression is enhanced (e.g., 
glucose-regulated protem~78 £GRI% c-mt/c}. Many of 
these enhancements are acute, with expression de- 
creasing at 24 hr of treatment. There are major differ 
ences in gene expression during the proliferation-in- 
dependent programmed death induced by TG or 
ionemydn and the prolife^tkjn-depsndent death in- 
duced by (e.gv, in the latter, c-myc, calmodulin, 
and prothymosine are not inducedx while ¥hm m& 
TRFM-2 are induced) [84,85], These results demon- 
strate tet &e programmed death induced by all these 
agents involve an active epigeneiic repmgramming of 
the cell and the pathway induced by TG is ^entially 
identic to that induced by ionomycm, but distinct 
from that induced by 

The aforementioned studies have served to iden- 
tify the endoplasmic reticubni Ca 2r ATFa^epump as 
a potenhal new therapeutic target for activating pro- 
grammed cell death in nonproliferating, androgen In- 
dependent prostatic cancer cells, Thsrafore, TG could 
represent a no^e? approach to treatment. However, 
using ICS as a therapeutic agent would be difikult for 
two reasons. First, TG is highly lipophilic and rapidly 
crosses the plasma membrane of cells and would be 
rapidly absorbed without reaching desirable levels m 
the target tissue. Secondly/ an agent that is capable of 
killing cells quiescent in G 0 woold be difficHh to ad- 
minister syslematically without excessive toxicity, 
since most ceils in human tissues differentiated 
and not proliferating^ However, if TG co^ld de~ 
rivattzed to an inactive prodriig form and targeted 
spedBcally for activation by prostatic cells, it could 
possibly be useful as a th^petrtic agent, while 
a voiding significant systemic toxicity. 

Currently, our laboratory is focusing on develop- 
ing a method to specifically target prostatic cancer 
cells by taking advantage of a yni^e attribute of 
these cells, the production of prostate-sp^cMc anti- 
gen (FSA)v PSA has been $h0wn to be a -serine pro- 
tease with chymotrypins4ike substrate specificity 
that is enzymatieaily active in seminal pksrna [90,91] 
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while enzymatically inactived in the blood serum 
[92], In collaboration with Br, Mans LSjS, (Lund Uni- 
versity, Sweden) , we are attempting to develop a pro- 
drug form of TG that cosssi&s of a peptide carrier 
representing a unique proteolytic cleavage site for 
PSA [93], TG Is bemg modified to a derivative by Dr. 
S. Bragger Christm&eri (Eoyal Danish School of Fhar- 
tsm% f Denmark) that can easily fee coopled to this 
cartia- peptide |94|. The TG derivative wgl thus be 
protsoiytically reteased only m the vicinity of FSA- 
secreting prostate cancer celis, thereby spedficaliy 
targeting these cells, while avoiding systemic tosddiy y 

mmmmm 

Andmgen-indeperjdenl: prostate cancer is cur- 
rently not curable with standard arttiproliferative che- 
moifterapetiik agents. Whereas the normal prostate 
epifchdksm and androgerrfependent prostatic: can- 
cers undergo programmed cell death upon androgen 
wi^hdrawat andmgen-indepe^dent cancers do not 
However, these androgen4ndeperide^t prostatic can- 
oer cells maintain the machinery for activating the 
programmed cell death cascade, A new strategy for 
tmatment, m typified by thsps5gargin ; mvoives in- 
<ioemg these artdrogen^ndependeBt cells to undergo 
programmed cdi deatfe without requiring cell prolif- 
eration. Further work is needed to csetier characterise 
the piogrammed ceil death pathway with an eye to- 
ward developing other therapeutic agents that can 
adisraSe this process in prostate canter and in human 
cancers in genera!. 
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